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Editorial

Special Issue “Innovations in the Food System: Exploring the
Future of Food”

Maria Lisa Clodoveo

Interdisciplinary Department of Medicine, Piazza Giulio Cesare, University of Bari, 70124 Bari, Italy;
marialisa.clodoveo@uniba.it

The Food and Agriculture Organization of the United Nations (FAO) in 2018 provided
a definition of “food systems” highlighting that they “encompass the entire range of actors
and their interlinked value-adding activities involved in the production, aggregation,
processing, distribution, consumption, and disposal of food products that originate from
agriculture, forestry or fisheries, and food industries, and the broader economic, societal
and natural environments in which they are embedded”. The COVID-19 pandemic has
imposed a stop that has caused the population to rethink their lifestyles, production,
and consumption, also accelerating the transformation progress necessary in light of the
objectives of the 2030 Agenda for Sustainable Development—adopted by all United Nations
Member States in 2015—which provides a shared blueprint for the peace and prosperity
of people and the planet, now and in the future. Actual food systems account for nearly
one-third of global GHG emissions; consume large amounts of natural resources; result
in biodiversity loss and negative health impacts (due to both under- and over-nutrition);
and do not allow fair economic returns and livelihoods for all actors, in particular, for
primary producers. With regard to these observations, innovations should aim to develop
the following food systems:

Inclusive: ensuring economic and social inclusion for all food system actors, especially
smallholders, women, and youth;

Sustainable: minimizing negative environmental impacts, conserving scarce natural
resources, and strengthening resiliency against future shocks;

Efficient: producing adequate quantities of food for global needs while minimizing
post-harvest loss and consumer waste;

Nutritious and healthy: enabling the consumption of a diverse range of healthy,
nutritious, and safe foods.

These are ambitious goals that will require multidisciplinary effort—from engineering
to life sciences, biotechnology, medical sciences, social sciences, and economic sciences.
New technologies and scientific discoveries are the solution to the increasing demand for
sufficient, safe, healthy, and sustainable foods influenced by the increased public awareness
of their importance. This Special Issue is composed of 11 papers.

Jing Xu and his collaborators [1] focused their work on strategy optimization of
quality improvement and price subsidy of the agri-foods supply chain. In this paper, the
differences in the quality safety, price, and market demand of agri-foods in the supply
chain are compared and analyzed demonstrating that the maximum profit of supply chain
participants decreases with the increase of price elasticity of demand. When the quality of
agri-foods is upgraded in a producer-led manner, the quality of agri-foods in the supply
chain does not undergo substantial improvement, and the maximum profit of agri-foods
operators is insensitive to the price elasticity of demand at this time. When the seller-led
quality upgrading is launched, the maximum profit of the producer decreases with the
increase of the quality elasticity of demand, the maximum profit of the seller increases with
the increase of the quality elasticity of demand, and the total profit of the supply chain also
increases with the increase of the quality elasticity of demand under the centralized decision
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situation. The quality and safety of agri-foods as well as the overall profit of the supply
chain can be improved most effectively under the centralized control decision with the goal
of maximizing the supply chain benefits. The authors concluded that in terms of quality
and price, quality improvement actions of agri-foods driven by supply-side producers are
less effective than those driven by demand-side consumption. In addition, cost-sharing
contracts can significantly improve the quality of agri-foods in the supply chain and make
them more “high-quality and low-price” than before the adoption of cost-sharing contracts.

Giordano Stella and co-authors [2] discussed the “Food Village”, an innovative alterna-
tive food network based on a human scale development economic model. The researchers
suggest that although the different alternative food networks (AFNs) have experienced
increases worldwide for the last thirty years, they are still unable to provide an alterna-
tive capable of spreading on a large scale. They in fact remain niche experiments due to
some limitations on their structure and governance. Their study proposes and applies a
design method to build a new sustainable food supply chain model capable of realizing
a “jumping scale”. Based on the theoretical and value framework of the Civil Economy
(CE), the Economy for the Common Good (ECG), and the Development on a Human Scale
(H-SD), the proposed design model aims to satisfy the needs of all stakeholders in the
supply chain. Max-Neef’s Needs Matrix and Design Thinking (DT) tools were used to
develop the design model. Applying the design method to the food chain has allowed us
to develop the concept of the “Food Village”, an innovative food supply network far from
the current economic mechanisms and based on the community and eco-sustainability.

Maiorano et al. [3] addressed the ambiental issue of Food from the Depths of the
Mediterranean and the role of habitats, changes in the sea-bottom temperature, and fishing
pressure. This paper reviews studies that highlight a link between deep-sea fishery re-
sources (deep-sea food resources) and vulnerable marine ecosystems, species, and habitats
in the Mediterranean Sea, providing new insights into changes in commercial and experi-
mental catches of the deep-sea fishery resources in the central Mediterranean over the last
30 years. About 40% of the total landing of Mediterranean deep-water species is caught
in the central basin. Significant changes in the abundance of some of these resources with
time, sea-bottom temperature, and fishing effort have been detected, as well as an effect
of the Santa Maria di Leuca cold-water coral province on the abundance of the deep-sea
commercial crustaceans and fishes. The implications of these findings and the presence of
several geomorphological features, sensitive habitats, and vulnerable marine ecosystems
in the central Mediterranean are discussed with respect to the objectives of biodiversity
conservation combined with those of management of fishery resources.

Estee Ngew and her research team [4] studied the composite of layered double hydrox-
ide with casein and carboxymethylcellulose as a white pigment for food application. The
authors studied the composite of layered double hydroxide with casein and carboxymethyl-
cellulose as an alternative to the titanium dioxide (TiO2). Titanium dioxide is commonly
used in food, cosmetic, and pharmaceutical industries as a white pigment due to its ex-
traordinary light scattering properties and high refractive index. However, as evidenced
by recent reports, there are overriding concerns about the safety of nanoparticles of TiO2.
As an alternative to TiO2, Mg-Al layered double hydroxide (LDH) and their composite
containing casein and carboxymethyl cellulose (CMC) were synthesized using wet chem-
istry and compared with currently used materials (food grade TiO2 (E171), rice starch, and
silicon dioxide (E551)) for its potential application as a white pigment. These particles
were characterized for their size and shape (Transmission Electron Microscopy), crystallo-
graphic structure (X-ray Diffraction), agglomeration behavior and surface charge (Dynamic
Light Scattering), surface chemistry (Fourier Transform Infrared Spectroscopy), transmit-
tance (UV–VIS spectroscopy), masking power, and cytotoxicity. their results showed the
formation of typical layered double hydroxide with flower-like morphology which was
restructured into pseudo-spheres after casein intercalation. Transmittance measurement
showed that LDH composites had better performance than pristine LDH, and the aqueous
suspension was heat and pH-resistant. While its masking power was not on a par with
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E171, the composite of LDH was superior to current alternatives such as rice starch and
E551. Sustainability score obtained by MATLAB® based comparison for price, safety, and
performance showed that LDH composite was better than any of the compared materials,
highlighting its potential as a white pigment for applications in food.

Caterina Palocci and collaborators [5] presented their preliminary results on a search
engine concept to improve food traceability and transparency. The authors started from
the evidence that in recent years, the digital revolution has involved the agrifood sector.
However, the use of the most recent technologies is still limited due to poor data manage-
ment. The integration, organization, and optimized use of smart data provide the basis for
intelligent systems, services, solutions, and applications for the food chain management.
With the purpose of integrating data on food quality, safety, traceability, transparency,
and authenticity, an EOSC-compatible (European Open Science Cloud) traceability search
engine concept for data standardization, interoperability, knowledge extraction, and data
reuse, was developed within the framework of the FNS-Cloud project (GA No. 863059).
For the developed model, three specific food supply chains were examined (olive oil, milk,
and fishery products) in order to collect, integrate, organize, and make available data
relating to each step of each chain. For every step of each chain, parameters of interest
and parameters of influence—related to nutritional quality, food safety, transparency, and
authenticity—were identified together with their monitoring systems. The developed
model can be very useful for all actors involved in the food supply chain, both to have a
quick graphical visualization of the entire supply chain and for searching, finding, and
re-using available food data and information.

Gianfranco Spizzirri [6] and its research group developed a tara gum/olive mill
wastewaters phytochemicals conjugate as a new ingredient for the formulation of an
antioxidant-enriched pudding. Olive mill wastewater, a high polyphenols agro-food by-
product, was successfully exploited in an eco-friendly radical process to synthesize an
antioxidant macromolecule, usefully engaged as a functional ingredient to prepare func-
tional puddings. The chemical composition of lyophilized olive mill wastewaters was
investigated by HPLC-MS/MS and 1H-NMR analyses, while the antioxidant profile was
in vitro evaluated by colorimetric assays. Oleuropein aglycone (5.8 μg mL−1) appeared
as the main compound, although relevant amounts of an isomer of the 3-hydroxytyrosol
glucoside (4.3 μg mL−1) and quinic acid (4.1 μg mL−1) were also detected. LOMW was
able to greatly inhibit ABTS radical (IC50 equal to 0.019 mg mL−1), displaying, in the
aqueous medium, an increase in its scavenger properties by almost one order of magni-
tude compared to the organic one. Lyophilized olive mill wastewaters reactive species
and tara gum chains were involved in an eco-friendly grafting reaction to synthesize a
polymeric conjugate that was characterized by spectroscopic, calorimetric, and toxicity
studies. In vitro acute oral toxicity was tested against 3T3 fibroblasts and Caco-2 cells,
confirming that the polymers do not have any effect on cell viability at the dietary use
concentrations. Antioxidant properties of the polymeric conjugate were also evaluated,
suggesting its employment as a thickening agent, in the preparation of pear puree-based
pudding. High performance of consistency and relevant antioxidant features over time
(28 days) were detected in the milk-based foodstuff, in comparison with its non-functional
counterparts, confirming lyophilized olive mill wastewaters as an attractive source to
achieve high-performing functional foods.

Vincenzo Russo et al. [7] studied the role of territoriality and safety perception on the
intention to buy dairy products with certification marks. Over the years, the territorial
origins of agri-food products have become a consolidated marketing model which stands
as an alternative to mass production. References to territory, whether on the packaging
or in advertising, have become an increasingly popular way for marketers to differentiate
products, by attributing specific characteristics to them, derived from specific cultural
identities and traditions. The aim of their study was to capture the possible differences
between two groups, Italian and French, in the perception and intention to buy products
with certification marks. The authors tested a multi-group structural equations model,
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assessing the mediation of the Perceived Product Safety between Packaging with reference
to Territoriality and Intention to Buy. The authors’ findings show that in both groups
Packaging with reference to Territoriality has a positive association with Intention to Buy
and Perceived Product Safety and that Perceived Product Safety has a positive association
with Intention to Buy. The difference is the mediation of Perceived Product Safety, present
only in the Italian group. This opens important considerations on the role of the perception
of safety, particularly in the pandemic period, in the presentation of products, particularly
in products with certification marks linked to sustainability and territoriality.

Tao et al. [8] wrote an article on Big Data in Food Industry. The authors underlined
that a huge amount of data is being produced in the food industry, but the application of
big data—regulatory, food enterprise, and food-related media data—is still in its infancy.
Each data source has the potential to develop the food industry, and big data has broad
application prospects in areas such as social co-governance, exploit of consumption mar-
kets, quantitative production, new dishes, take-out services, precise nutrition, and health
management. However, there are urgent problems in technology, health, and sustainable
development that need to be solved to enable the application of big data to the food indus-
try. The results showed the great potential for big data in the food industry. Big data has
particularly broad application prospects in social co-governance of the food industry, quan-
titative production, exploitation of consumption markets, new dishes, take-out services,
and precise nutrition and health management.

Simone Mancini with the research team [9] discussed the future of edible insects in
Europe. They started from the evidence that the effects of population increase and food
production on the environment have prompted various international organizations to
focus on the future potential for more environmentally friendly and alternative protein
products. One of those alternatives might be edible insects. Entomophagy, the practice of
eating insects by humans, is common in some places but has traditionally been shunned
in others, such as European countries. The last decade has seen a growing interest from
the public and private sectors in the research in the sphere of edible insects, as well as
significant steps forward from the legislative perspective. In the EU, edible insects are
considered novel foods, therefore a specific request and procedure must be followed to
place them on the market; in fact, until now, four requests regarding insects as a novel food
have been approved. Insects could also be used as feed for livestock, helping to increase
food production without burdening the environment (indirect entomophagy). Market
perspectives for the middle of this decade indicate that most of the demand will be from the
feed sector (as pet food or livestock feed production). Undoubtedly, this sector is gaining
momentum and its potential relies not only on food, but also on feed in the context of a
circular economy.

Clodoveo and her collaborators [10] presented an overview of innovative packaging
methods aimed to increase the shelf-life of cook-chill foods. Analyzing the changing
citizen habits, it is clear that the consumption of meals prepared, packaged, and consumed
inside and outside the home is increasing globally. This is a result of rapid changes in
lifestyles as well as innovations in advanced food technologies that have enabled the food
industry to produce more sustainable and healthy fresh packaged convenience foods. This
paper presents an overview of the technologies and compatible packaging systems that
are designed to increase the shelf-life of foods prepared by cook–chill technologies. The
concept of shelf-life is discussed and techniques to increase the shelf life of products are
presented including active packaging strategies.

The last paper of this collection has been written by Clodoveo et al. [11]. and is
entitled “The Tower of Babel of Pharma-Food Study on Extra Virgin Olive Oil Polyphenols”.
Much research has been conducted to reveal the functional properties of extra virgin olive
oil polyphenols on human health once extra virgin olive oil is consumed regularly as
part of a balanced diet, as in the Mediterranean lifestyle. Despite the huge variety of
research conducted, only one effect of extra virgin olive oil polyphenols has been formally
approved by EFSA as a health claim. This is probably because EFSA’s scientific opinion
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is entrusted to scientific expertise about food and medical sciences, which adopt very
different investigative methods and experimental languages, generating a gap in the
scientific communication that is essential for the enhancement of the potentially useful
effects of extra virgin olive oil polyphenols on health. Through the model of the Tower
of Babel, we propose a challenge for science communication, capable of disrupting the
barriers between different scientific areas and building bridges through transparent data
analysis from the different investigative methodologies at each stage of health benefits
assessment. The goal of this work is the strategic, distinctive, and cost-effective integration
of interdisciplinary experiences and technologies into a highly harmonious workflow,
organized to build a factual understanding that translates, because of trade, into health
benefits for buyers, promoting extra virgin olive oils as having certified health benefits, not
just as condiments.

As summarized above, the collection of 11 articles that make up this Special Issue
devoted to “Innovations in the Food System: Exploring the Future of Food” underscores
the progress that has been made toward a better understanding of the trends in the global
food industry, oriented to a sustainable production assisted by economic and technological
tools. surely these first evidences will be developed and enriched in the near future and
additional studies are expected to cover a broad range of approaches to the design of
innovation in the Food systems.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Optimization of a Calcium-Based Treatment Method for
Jellyfish to Design Food for the Future
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Abstract: Edible jellyfish are a traditional Southeast Asian food, usually prepared as a rehydrated
product using a salt and alum mixture, whereas they are uncommon in Western Countries and
considered as a novel food in Europe. Here, a recently developed, new approach for jellyfish
processing and stabilization with calcium salt brining was upgraded by modifying the pre-treatment
step of freshly caught jellyfish and successfully applied to several edible species. Treated jellyfish
obtained by the application of the optimized version of this method respected both quality and
safety parameters set by EU law, including no pathogenic microorganisms, absence or negligible
levels of histamine and of total volatile basic nitrogen, no heavy metals; and the total bacterial, yeast,
and mold counts were either negligible or undetectable. Jellyfish treated by the presented method
exhibited unique protein content, amino acid and fatty acid profiles, antioxidant activity, and texture.
The optimized method, initially set up on Rhiszostoma pulmo, was also successfully applied to other
edible jellyfish species (such as Cotylorhiza tuberculata, Phyllorhiza punctata, and Rhopilema nomadica)
present in the Mediterranean Sea. This study discloses an innovative process for the preparation of
jellyfish-based food products for potential future distribution in Europe.
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1. Introduction

Jellyfish (JF) are mainly available and consumed as food in Asian countries. However,
their use in food preparation has recently spread widely worldwide in the form of ready-
to-use products, also attributed to the availability on internet market channels [1,2]. In
recent years, JF food products have also become more popular in Western Countries [3],
possibly due to an increase in JF populations related to environmental factors, such as rising
temperatures, marine pollution, oxygen depletion, and a reduction of marine predator
populations [4].

Jellyfish blooms and the invasive behavior of some species make them a good candi-
date for potential resources for food and other applications [5–7].

JF for human consumption are generally prepared by separating the umbrella from
the oral arms and washing them extensively in order to eliminate mucus, gonads, sand,
and superficial microorganisms. Then, these highly perishable JF tissues are treated with
mixtures of NaCl and aluminum salts (alum) [1,8] in order to stabilize them, thus extending
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their shelf life, reducing any microbial issues, and promoting the expected organoleptic
characteristics and texture so highly appreciated by Eastern people. In Asia, although
ancient recipes and empirical procedures are still followed [9], new methods still based
on the use of alum have been developed [1], since Eastern cuisines pay high attention to
product texture and taste. However, the traditionally preserved JF products available on
the market contain high levels of aluminum, which is strongly bound to the tissue [10] and
cannot be eliminated through the usual washes applied before consumption.

The research on new JF stabilization procedures and treatments for food uses is recently
moving to limit the use of alum, due to its toxicity [11,12], and to obtain semi-finished and
finished products closer to Western Countries’ style and expectations. Pedersen et al. [13]
reported the possible substitution of alum with other tanning salts, such as iron salts, with a
mechanism similar to a tanning process. In addition, the same authors produced alum-free
crisps by soaking the jellyfish in ethanol and drying it afterward.

At present, JF is a novel food in Europe [14] and is limited by several issues, such
as the (i) very high aluminum content of Asian traditionally preserved JF products and
(ii) lack of safe stabilization methods for treating and processing JF tissues according
to EU safety standards. Consequently, the development of a new, safe, and validated
technology for processing JF could encourage regulatory authorities to approve the use
and commercialization of edible JF species.

In our previous work, we proposed new parameters for the risk assessment of JF
as food in Europe [15]. They were newly identified and applied to JF and JF-derived
products not already included in the European regulation on seafood safety [16,17]. More
recently, we proposed a new procedure [18] to process JF raw materials using calcium salts,
which were selected from the food additives allowed in several Western Countries (the EU,
Australia, USA, and New Zealand). It was observed that calcium salts were able to work as
firming and stabilizing agents for JF biomasses, thus opening the opportunity to prepare
safe semi-finished products suitable for subsequent food applications. Bleve et al. [18] set
up the procedure under controlled conditions, thus demonstrating the microbiological
safety of the method.

In this paper, the above-mentioned method was further optimized by modifying the
JF pre-treatment step and including washes with sterile seawater; furthermore, the whole
procedure was validated by using several JF species with different characteristics. Two
different strategies are described here in order to substitute the use of sterile seawater for
JF washing, with this step being quite challenging and not applicable on an industrial
scale. Additionally, JF treated with calcium salts were tested for safety and quality aspects—
the treated tissues were analyzed for protein, fatty acids, amino acids, element content,
and antioxidant activity. The process efficacy was initially tested on the model species
Rhizostoma pulmo and successively verified on three other potentially edible JF species
(Cothyloriza tuberculata, Phylloriza punctata, and Rophilema nomadica). A comparison of the JF
treated with the optimized processing method proposed here with JF prepared with the
traditional Asian methods was also carried out.

2. Materials and Methods

2.1. Sample Collection and Pre-Treatment

Rhizostoma pulmo, Macrì 1778 (Cnidaria, Scyphozoa, Rhizostomatidiae) specimens
were hand-collected from a motorboat in the Ionian Sea (Ginosa Marina, Italy 40◦24′37.5′′ N
16◦53′04.2′′ E) using a nylon landing net (3.5 cm mesh size) during samplings in the 2019–
2020 summer period and processed by either of the two procedures described below.

In the absence of specific slaughter guidelines for cnidarians [19], the traditional
method used in Asian Countries to kill the jellyfish [1] was applied to R. pulmo specimens
by cutting the oral arms from the umbrella and removing the gastric content. For Cotylorhiza
tuberculata, Phyllorhiza punctata, and Rhopilema nomadica samples, also sampled during the
2019–2020 summer period, whole JF were immediately frozen at −40 ◦C. At least 5 different
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specimens from each species were used; for Rhizostoma pulmo, randomized sampling was
conducted as in Leone et al. [20].

All the procedures followed in this study are summarized in the scheme reported in
Figure 1.

 
Figure 1. Diagram illustrating the procedure of the JF treatment procedures.

Procedure 1 (JF-B). JF oral arms were separated from the umbrellas, immersed in
refrigerated seawater, and transported to the laboratory (max 3–6 h). At the laboratory,
jellyfish parts were extensively washed for 3–5 min in drinking water.

Procedure 2 (JF-DW). Whole JF were immersed in refrigerated seawater immediately
after capture and transported to the laboratory (max 3–6 h). At the laboratory, the jellyfish
were immersed in drinking water, the umbrellas were separated from the oral arms, and
these parts were extensively washed for 3–5 min.

Following both procedures, the umbrellas and oral arms were placed in sterile food-
grade plastic bags and stored at −80 ◦C or immediately treated in the newly formulated
brines with a firming agent.
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Procedure 2 (JF-DW) was also applied to Cotylorhiza tuberculata samples harvested
from the Gulf of Trieste (northern Adriatic Sea, Slovenia) and the Ionian Sea (Italy), and
to Rhopilema nomadica and Phyllorhiza punctata harvested from the Eastern Mediterranean
(Israeli coastal waters), frozen at −40 ◦C, and shipped on dry ice to Italy. Frozen material
was thawed overnight on ice and then extensively washed with drinking water.

Aliquots of all untreated and treated JF samples (see below) were freeze-dried in order
to analyze the elemental, lipid, and amino acid compositions or immediately frozen to
evaluate the protein content and antioxidant activity. A commercial product, jellyfish stored
in brine, from Japan (Salt-Alum Jp) was also analyzed and used for comparison.

2.2. Microbiological Analyses of Pre-Treated Jellyfish

Ten grams from each JF sample were added to 90 mL of buffered peptone water
(Biolife Italiana, Milano, Italy) as a diluent (1:10). For total bacterial counts (TBCs), samples
were diluted and plated by the pour plate technique on plate count agar (PCA) (Biolife
Italiana, Milano, Italy) at pH 7.0 and incubated at 30 ◦C for 72 h; the enumeration of yeast
and molds was performed by incubation at 25 ◦C for 5 days on dichloran Rose–Bengal
chloramphenicol agar (DRBC, Thermo Fisher Scientific, Monza, Italy). The presence of
Enterobacteriaceae, Escherichia coli, Salmonella enteritidis, Coagulase-positive staphylococci,
Staphylococcus aureus, Vibrio spp. (V. cholerae, fluvialis, parahemolyticus, and vulnificus),
Bacillus spp. (B. cereus, turigensis, megaterium, and subtilis), Shewanella putrefacens, Aereomonas
hydrophila, and Pseudomonas fluorescens was assessed following the procedure described by
Bleve et al. [18].

For the determination of halophilic microorganisms, JF samples were homogenized
with a sterilized blender, and 25 g of each sample was added to peptone seawater 0.1%
(w/v peptone) and artificial seawater. All samples and their respective serial dilutions were
plated in different media dissolved in artificial seawater as described by Bleve et al. [15,18].
For each plate, the number of colony-forming units (CFU) per gram of JF was determined.

The JF samples were also submitted to an accredited external laboratory for indepen-
dent analyses (Laboratori Artas Società Cooperativa, Poggiardo, Lecce, Italy). Ten grams of
each JF sample were added to 90 mL of buffered peptone water (Biolife Italiana, Milano,
Italy) as a diluent (1:10) and homogenized for 2 min in a Stomacher in accordance with
specific standard methods for the total bacterial count (UNI EN ISO 4833-1:2013), coliforms
(ISO 4832:2006), β-glucuronidase-positive Escherichia coli (ISO 16649-2:2001), coagulase-
positive staphylococci (UNI EN ISO 6888-2:1999), and yeast and molds (ISO 21527-1:2008,
ISO 21527-2:2008). For the detection of the pathogenic bacteria Salmonella spp. (UNI EN ISO
6579-1:2017) and Listeria monocytogenes (ISO 11290-1:2017), 25 g of jellyfish samples were
suspended in 225 mL of buffered peptone water (Biolife Italiana, Milano, Italy) and Fraser
broth at half concentration (Biomerieux, Marcy l’Etoile, France), respectively, as diluents.

2.3. Jellyfish Treatment in Brine

Solutions of calcium citrate and calcium lactate were prepared using 0.1 M calcium-
citrate solution or 0.1 M calcium–lactate hydrate solution and adjusted to pH 5.0 by using
the corresponding alpha organic acids, 1 M citric acid or 1 M lactic acid 85% (v/v), all from
Sigma-Aldrich (Darmstadt, Germany). These concentrations were arbitrarily chosen and
tested for JF stabilization treatment, as already previously described by Bleve et al. [18].

In order to determine these treatment conditions, JF tissue samples were soaked in
calcium salt brines at different pH values ranging from 3 to 6 for 10 days. A starting brine
pH value of 5 was determined as the best compromise, obtained after the evaluation of the
effects produced by calcium salts on JF tissue’s traits, such as texture and appearance, and
safety aspects. More acidic pH values (<5) exerted undesirable effects on JF consistency by
damaging (attacking and corroding) the tissue (data not shown).

Pre-treated jellyfish (umbrella and oral arms washed for 3–5 min in drinking water,
JF-B, or JF-DW) were immersed in brines at a 1:1 ratio (v/v, JF tissue:brine) in food-grade
glass or plastic containers. These technological phases were arbitrarily transferred from the
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conditions generally used for vegetable stabilization treatment and directly tested for the
first time for their possible adaptation to JF tissues. The containers were stored at 4 ◦C for
5 days and then JF tissues (umbrella and oral arms) were removed, washed with drinking
water to eliminate excess salts, sealed in food-grade plastic bags, and stored at −80 ◦C for
further tests. Aliquots of each sample were also freeze-dried and stored.

2.4. JF Treatment with NaCl and Aluminum Salt

R. pulmo specimens were also processed by the traditional Asian method [21,22] using
salt and alum (Salt–Alum JF-DW). Briefly, R. pulmo umbrellas were separated from the oral
arms and extensively washed for 3–5 min with drinking water. The washed umbrellas
were covered with a salt mix containing 90% (w/w) NaCl and 10% KAl(SO4)2·12H2O
(alum) (w/w) (Cruciani Prodotti Crual, Roma, Italy) using about 100 g of salt–alum mix
per 1 kg of JF biomass and incubated at 4 ◦C in a food-grade glass container. After 4 days,
brines released from the JF tissues were removed and the umbrellas were covered with a
salt mixture containing 92.5% (w/w) NaCl and 7.5% alum (w/w). After 4 days, the same
procedure was repeated, but the percentage of alum in the salt mix was reduced to 5%
(w/w) and finally to 2.5% (w/w). At the end of the process, the salted jellyfish samples
were left to dry on a draining rack at room temperature for 4 days, inverting them several
times to drain and remove excess water. The entire process took 20 days. Aliquots of each
sample were also lyophilized.

2.5. Physical–Chemical Analyses

The histamine concentration in the JF was determined according to the AOAC N◦
021402 2014 method (HistaSure ELISA, LDN, Germany). The total volatile base nitrogen
(TVBN) was determined by treating each jellyfish sample (100 g) with 0.6 M perchloric
acid (Merck KGaA, Darmstadt, Germany). After alkalinization, the extract was exposed to
steam distillation and an acid receiver absorbed the volatile base components. The TVBN
concentration was determined by the titration of the absorbed bases [23].

For salinity and pH determination, 15 g of JF tissue was collected and stored at −80 ◦C
for further analysis. The texture was measured as described in Bleve et al. [18], using a
digital penetrometer (model 53205, TR Turoni, Srl Forlì, Italy). The penetration test was
performed using a three-bar probe (3 × 22 mm) for a total plunger area of 1.98 cm2 by
operating on samples consisting of radial triangular slices of the JF tissues. Firmness values
were reported as the means of three different measures, expressed in Newtons (N). All
analyses were carried out in triplicate.

2.6. Elemental Analyses

The elemental composition (Al, As, B, Ba, Ca, Cd, Cr, Cu, Fe, Hg, K, Mg, Mn, Na,
Ni, Pb, Sr, V, and Zn) of the JF samples was measured using inductively coupled plasma–
atomic emission spectroscopy (ICP-AES). Lyophilized JF samples were weighed and mixed
with 4 mL of H2O2 and 6 mL of super-pure HNO3 69%, digested at 180 ◦C for 10 min
using a microwave digestion system (START D, Milestone Srl, Sorisole (BG), Italy), cooled,
diluted with super pure water, and filtered through 0.45 μm syringe filters. A spectrometer
(Thermo Fisher Scientific, iCap 6000 Series, Monza, Italy) was previously calibrated for
quantitative analysis with five standard solutions containing known concentrations of
the elements (0.001, 0.01, 0.1, 0.5, and 1.0 mg/L). The calibration lines showed correla-
tion coefficients (r) greater than 0.99 for all the measured elements. The analysis results
were expressed as the average (+/− standard deviation of three different measurements)
element concentrations, expressed in ppm (mg/kg of sample weight). JF supernatants
obtained after the centrifugation of the JF samples were also analyzed, corresponding to
the lyophilized samples.
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2.7. Protein Content Determination

Jellyfish samples were homogenized in a blender and diluted in distilled water until
a homogeneous solution was obtained. The total protein content in each sample was
evaluated using the Bradford assay [24], set for an Infinite 200 PRO microplate reader
(TECAN, Männedorf, Switzerland) and using bovine serum albumin (BSA) as a standard.

2.8. Antioxidant Activity Determination

In the diluted JF samples (protein assays), the antioxidant activity (AA) was evaluated
using the Trolox Equivalent Antioxidant Capacity (TEAC) method based on the radical
cation ABTS•+ and Trolox as a standard. The assay was adapted for an Infinite 200 PRO
microplate reader (TECAN, Männedorf, Switzerland), and both samples and the standard
were assayed as described in De Domenico et al. [25]. The results were expressed in nmol
of Trolox equivalents per gram of JF fresh weight (nmol TE/g FW).

2.9. Lipid Extraction

Total lipids were extracted using a modified Bligh and Dyer method [26]: lyophilized
samples (200 mg) were mixed with 12 mL of a solution of chloroform:methanol (2:1) and
3 mL KCl (0.88%), shaken, and centrifuged at 5140× g for 5 min. The lower phase was
set aside, and the upper phase was subjected to further extraction with one volume of a
solution of chloroform:methanol (2:1, v/v). After phase separation, the lower phase was
isolated and added to the first one, and mixed with one-quarter volume of a solution of
methanol:water (1:1, v/v). The lower phase was dried using nitrogen and analyzed for
lipid composition.

Fatty Acids Analysis

Fatty acid methyl esters (FAME) were obtained according to Leone et al. [27] using
boron trifluoride (BF3), as follows. The total lipid extract in hexane (200 μL) was saponified
at 90 ◦C for 20 min with 0.5 M KOH in methanol (3 mL) with a known quantity of internal
standard (methyl-tricosanoate). Fatty acids were methylated with 2 mL of BF3 in methanol
(14%), and the samples were evaporated under a stream of nitrogen and dissolved in 50 μL
of hexane, and 1 μL was analyzed by gas chromatography–mass spectrometry (GC-MS).
GC–MS analyses were performed using an AGILENT 5977E gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA) on a VF-WAXms (60 m, 0.25 mm i.d., 0.25 mm film
thickness, Agilent) with the following parameters: the column temperature was maintained
at 160 ◦C for 1 min, programmed at 4 ◦C/min to 240 ◦C for 30 min. Helium was used as
a carrier gas at a constant flow rate of 1 mL/min. The mass spectrometer was operated
in the electron impact mode with a scan range of 50–700 m/z. The temperature of the
MS source and quadrupole were set at 230 ◦C and 150 ◦C, respectively. Analyses were
performed in the full-scan mode. Compounds were identified by comparing the retention
times of the chromatographic peaks with those of authentic standards (F.A.M.E. Mix C8-
C24, Sigma-Aldrich Corporation, St. Louis, MO, USA) analyzed under the same conditions.
The MS fragmentation patterns were compared with those of pure compounds, and a mass
spectrum database search was performed using the National Institute of Standards and
Technology (NIST) MS 98 spectral database.

2.10. Amino Acid Analysis

The amino acid profile in lyophilized samples was analyzed with an HPLC system (Ag-
ilent Infinity 1260, Agilent Technologies) coupled with an online post-column derivatization
module (Pinnacle PCX, Pickering Laboratories, Mountain View, CA, USA), using ninhydrin
(Trione) as a derivatizing reagent and a Na+ ion-exchange column (4.6 × 110 mm, 5 μm).
Eighteen standard amino acids, ammonia, and taurine were quantified from standard
curves measured with the amino acid standards. Prior to the analysis, the samples were
hydrolyzed in 6 M HCl containing 0.4% mercaptoethanol for 24 h at 110 ◦C (HCl hydroly-
sis). Glutamine and asparagine were converted to glutamic and aspartic acid, respectively.
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Cysteine (Cys) was quantified as cystin (Cys-Cys). The samples were filtered via a micro
filter, the pH was adjusted to 2.2, and the samples were further diluted with a citrate buffer
(pH 2.2) for HPLC analysis.

2.11. Statistical Analysis

All data presented are the means of three independent replicates (n = 3). Statistical
analysis was based on one-way analysis of variance. Tukey’s post hoc method was applied
to establish significant differences among the means (p < 0.05, p < 0.01 and p < 0.001). All
statistical comparisons were performed using Sigma-Stat, version 3.11 (Systat Software Inc.,
Chicago, IL, USA).

Statistical analyses on the protein content and antioxidant activity were performed in
Graphpad Prism 6.0 using an analysis of variance (ANOVA) followed by Dunnett’s multi-
ple comparison post hoc test to compare each treatment with the control, and Bonferroni’s
multiple comparison post hoc test to compare the samples with each other. Differences
were considered statistically significant for p values of < 0.05. All assays were replicated
(n = 3) and data were represented as the mean ± standard deviation (SD). Principal compo-
nent analysis (PCA) to compare important physical parameters and chemical compounds
associated with the samples was carried out using XLSTAT software (Addinsoft Inc., Long
Island City, NY, USA).

3. Results and Discussion

3.1. Safety Traits of Rhizostoma Pulmo JF Treated Samples

Two pre-treatment strategies are described here in order to set up an optimized
stabilization method for jellyfish intended for food use. In particular, in the first approach
(JF-B, procedure 1), jellyfish were immediately washed with refrigerated seawater just after
being harvested, and their umbrellas were promptly separated from their oral arms, an
operation that can be carried out on the freshly caught jellyfish directly on board. This
approach can greatly reduce the ashore disposal of possibly large quantities of JF by-
products, thus returning unused JF material directly to the sea. In the second approach
(JF-DW, procedure 2), whole JF were transported in chilled seawater to the laboratory,
where the use of drinking water was tested for washing JF after transport.

This study proposes the combination of washing with drinking water, a procedure
commonly used in the fishing industry, and subsequent treatment with calcium salts. It was
observed that this method helped to stabilize the JF tissues, to improve their texture and
nutraceutical traits, and to reduce undesired microorganisms in the processed JF products.
Moreover, this approach represents an optimization of the recently proposed method for
stabilizing and processing JF as food products for human consumption [18].

The main phases of the two procedures for JF preparation proposed in this study are
presented in Figure 1 from the starting material to the final products.

In both pre-treatments proposed in this article, JF samples were washed with drinking
water, although at different times. In the JF-B procedure, this washing step occurred after
cleaning, cutting, and storing the animals in seawater, and before placing them in calcium
salt solutions in the laboratory; in the JF-DW approach, instead, whole JF were firstly
transported to the laboratory in chilled seawater and were then immersed in drinking
water for the time necessary to wash and prepare the JF tissues before soaking them in
calcium salt solutions.

At the starting point, both JF-B and JF-DW pre-treatments ensured negligible lev-
els of JF-associated microorganisms, also in terms of halophilic microbes (Tables S1 and
S2). This evidence demonstrates a better ability of both JF-B and JF-DW pre-treatments
in reducing the initial JF microbial load compared with the seawater treatment (JF-SW)
used in Bleve et al. [18]. Moreover, the use of calcium lactate and calcium citrate brines
prevented the growth of potential pathogens (Vibrio spp., Salmonella spp., Listeria monocy-
togenes, and staphylococci) and spoiling microbial contaminants in both JF-B and JF-DW
(Tables S1 and S2). The latter evidence was verified by applying the accredited standard
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parameters established by the law in force for food safety and process hygiene criteria to the
Ca-Lactate and Ca-Citrate R. pulmo samples treated with both JF-B and JF-DW methods [15].
The approach with calcium salt brines had already been explored by Bleve et al. [18], where
calcium lactate E327 and calcium citrate E333 were successfully tested on the edible JF
species R. pulmo, being both included among the list of food additives and firming agents
permitted in the European Union, U.S.A., Australia, and New Zealand.

The total counts of staphylococci were acceptable and showed a similar trend in all JF
samples. Escherichia coli, coliforms, yeast, molds, and the pathogens Salmonella spp. and L.
monocytogenes were not detected in any of the tested samples treated with either the JF-B or
JF-DW methods (Table 1).

Table 1. Safety and quality parameters applied to JF-B (JF directly pre-treated on the boat) and JF-DW
(JF washed with drinking water). Samples were treated for 5 days with calcium citrate (Ca-Citrate) or
calcium lactate (Ca-Lactate) brines, following accredited conventional assays used for seafood and
fish-derived products (as already described by Bleve et al. [15]). The different letters in line indicate
significant differences between samples (p < 0.05).

Accredited Analysis

Ca-Citrate Ca-Lactate

JF-B JF-DW JF-B JF-DW

CFU/g CFU/g CFU/g CFU/g

Total bacteria <10 (a) 1.30 × 103 ± 1.23 × 101

(b)
<10 (a) 3.70 × 102 ± 2.31 (c)

Coliforms <10 (a) <10 (a) <10 (a) <10 (a)
Escherichia coli <10 (a) <10 (a) <10 (a) <10 (a)
Staphylococci 1.60 × 102 ± 5.21 (a) 1.00 x 102 ± 7.25 (a) 1.00 × 102 ± 8.32 (a) 7.30 × 101 ± 6.15 (a)

Yeast and Molds <10 (a) <10(a) <10 (a) <10 (a)
presence/25 g presence/25 g presence/25 g presence/25 g

Salmonella spp. 0 (a) 0 (a) 0 (a) 0 (a)
Listeria

monocytogenes 0 (a) 0 (a) 0 (a) 0 (a)

mg/Kg mg/Kg mg/Kg mg/Kg
Histamine <3 (a) <3 (a) <3 (a) <3 (a)

mg/100 g mg/100 g mg/100 g mg/100 g
TBVN <0.1 (a) <0.1 (a) 2.5 ± 0.1 (b) <0.1 (a)

Several other studies have reported the presence of both bacteria [28] and fungi
associated with JF tissues (body and mucus), which may present a risk to humans [15].

Histamine and TVNB were not detected in the tested JF samples (<3 mg/Kg and
<0.1 mg/100 g, respectively) (Table 1), thus indicating that there was no tissue degradation
and also confirming that the used procedure maintained the freshness of the JF raw material.

In order to compare this optimized process with the traditional Asian procedure,
a batch of R. pulmo was treated in parallel using mixtures of NaCl and alum for tissue
stabilization (Salt-Alum JF-DW) as described by Hsieh et al. [8] and Pedersen et al. [13].
The Salt-Alum JF-DW samples exhibited low counts of Bacillus spp. (4 × 101 CFU/g) and
discrete levels of halophilic bacteria (4.4–9.9 × 102 CFU/g) and yeasts (2 × 102–103 CFU/g),
although no microbial pathogens were detected (Table S3).

Additional tested parameters [15,18], including the total bacterial count, yeasts, En-
terobacteriaceae, Vibrio spp., coagulase-positive staphylococci, and Bacillus spp., indicated
that the Salt-Alum JF-DW samples were safe for consumption.

3.2. Chemical–Physical Characteristics of Treated R. pulmo Samples

The two proposed pre-treatments (JF-B and JF-DW) exerted different effects on the
texture, pH, and salinity of the obtained samples (Table 2).
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Table 2. Texture, pH, and salinity values of R. pulmo JF-B (JF directly pre-treated on the boat) and JF-
DW (JF washed with drinking water). JF samples were untreated and treated with brines containing
different calcium salts at 5 days of treatment (Ca-Citrate: calcium citrate; Ca-Lactate: calcium lactate),
and JF-DW was treated with salt–alum (obtained after 20 days at 4 ◦C and 2 days of air drying, as
described in the Material and Methods section).

Pre-Treatments
Treatments

Untreated Ca-Citrate Ca-Lactate Salt-Alum

Texture (N)
JF-B −74 ± 15 (a) −34 ± 11 (b) −53 ± 8 (b) n.d.

JF-DW −75 ± 10 (a) −137 ± 15 (b) −117 ± 5 (b) −43 ± 11(c)
Salinity (%)

JF-B 3.5 ± 0.1 (a) 2 ± 0.2 (b) 2.4 ± 0.1 (b) n.d.
JF-DW 3.5 ± 0.2 (a) 1.5 ± 0.3 (b) 1.8 ± 0.2 (b) 2.5 ± 0.1 (c)

pH
JF-B 7.1 ± 0.2 (a) 4.72 ± 0.2 (b) 7.06 ± 0.3 (a) n.d.

JF-DW 6.9 ± 0.3 (a) 5.2 ± 0.1 (b) 5.56 ± 0.4 (b) 3.65 ± 0.4 (c)
The different letters in line indicate significant differences between the samples (p < 0.05). N: Newton; n.d., not
determined.

The optimized calcium citrate and calcium lactate brine treatments exerted different
effects on the chemical–physical features of the JF tissues. The preliminary results reported
here showed that salt treatment in the JF-B samples reduced the tissue texture (in terms
of penetration force); moreover, salinity values of around 2% were measured and the
pH values were very different between the two calcium treatments (Table 2). In Ca-
Citrate and Ca-Lactate JF-DW samples instead, both brine preparations increased the tissue
texture, achieving values of 1.8 and 1.6-fold, respectively, higher than the untreated samples.
Additionally, these samples showed reduced salinity values and pH values equal to the
initial ones (Table 2). As a result, the JF-DW procedure was selected as the preferred
pre-treatment method for further experiments.

Lee et al. [29] already demonstrated the ability of calcium-based food additives (in-
cluding calcium acetate, calcium carbonate, calcium–casein, calcium chloride, calcium
citrate, calcium lactate, calcium sulfate, and calcium phosphate) to improve gelation and
polymerization, as occurs during the preparation of surimi from codfish. The increased
texture in both Ca-Citrate and Ca-Lactate JF-DW samples, in terms of higher penetration
force, can be considered a good index of quality, since those products became denser and
more manageable for the subsequent steps. However, Ca-Citrate and Ca-Lactate JF-DW
samples showed a gel-like consistency very different from the rubbery and elastic texture
of Salt-Alum JF-DW produced following the traditional Asian method. The pH was main-
tained at around 5 in the Ca-Citrate-treated JF-DW, whereas higher pH levels were obtained
in the Ca-Lactate samples. Although being higher than those of the Salt-Alum JF-DW sam-
ples, these pH values ensured the expected safety level requested for the semi-finished
product (as already shown in Table 1 and Table S1). The appearance of both semi-finished
products obtained either by the methods proposed here (Ca-Citrate and Ca-Lactate JF-DW)
and by Salt-Alum JF-DW are shown in Figure S1. The two JF-B and JF-DW pre-treatments
exerted opposite effects on the texture of the Ca-Citrate- and Ca-Lactate-treated samples in
comparison with the corresponding JF-SW samples [18]. In fact, the texture (in terms of
penetration force) increased in the JF-DW samples, whilst it decreased in the JF-B samples.
The latter evidence seems to indicate that prolonged exposure of JF tissues to drinking
water during the JF-B procedure could affect their structure. Regarding the pH values,
the JF-B samples showed values very close to those of JF-SW samples, thus evidencing a
significant difference with respect to the samples treated with either of the two calcium
salts [18]. Additionally, the JF-DW samples exhibited similar pH values, independent of
the calcium salts used for the treatment.
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3.3. Nutritional Analyses of Treated R. pulmo Samples

In order to characterize their nutritional values, the JF samples treated by different
procedures were analyzed to evaluate their protein content, amino acid composition,
antioxidant activity, lipid content, and fatty acids composition. The moisture contents
of the different JF samples were: 96.88 ± 1.12 g/100 g FW for the untreated R. pulmo
JF-DW, 97.85 ± 0.35 g/100 g FW for Ca-Citrate R. pulmo JF-DW, 97.6 ± 0.2 g/100 g FW for
Ca-Lactate R. pulmo JF-DW, 81.94 ± 0.56 g/100 g FW for Salt-Alum R. pulmo JF-DW, and
73 ± 0.61 g/100 g FW for Salt-Alum Jp. These data reveal that there were no statistically
significant differences existing between the untreated and Ca-Citrate and Ca-Lactate JF-
DW R. pulmo samples, whereas a substantial reduction in moisture was obtained in both
alum-treated JF samples, thus revealing a further difference between the final products
obtained by the two types of procedures. The different moisture contents were considered
during the analyses and comparisons of nutrient compounds.

3.3.1. Protein Content, Amino Acid Composition, and Antioxidant Activity

The R. pulmo tissues washed with drinking water only (JF-DW) contained 253.2 mg
protein per 100 g of fresh weight (FW) (Figure 2a). This value is comparable with the
protein content detected by Bleve et al. [18] in JF samples pre-treated with seawater, thus
demonstrating that the step of washing with drinking water did not affect the initial protein
content. Calcium salt treatment (Ca-Lactate JF-DW and Ca-Citrate JF-DW) significantly
reduced the protein content to 60% of the initial value in both samples (88 mg/100 g FW),
whereas the traditional salt–alum treatment (Salt-Alum JF-DW) did not affect the protein
content (272.9 mg/100 g FW). The commercial ready-to-eat jellyfish sample from Japan
(Salt-Alum Jp) contained 178.2 mg protein/100 g FW (Figure 2a), slightly lower than that of
the JF-DW and Salt-Alum JF-DW samples, but higher than those of the Ca-Lactate JF-DW
and Ca-Citrate JF-DW samples. This evidence suggests that washing with drinking water
followed by treatment with calcium salts treatment could lead to a loss of proteins in the
processed JF. On the contrary, JF washed with sea water (JF-SW) followed by a 5-day soaking
step with Ca-Citrate and Ca-Lactate did not show a significant loss in protein level [18]. This
result can be probably explained by a combination of two simultaneous events occurring
during the treatments: on one hand, the leakage of solubilized proteinaceous compounds
into the brines, and on the other hand, the release of small peptides [30] due to the local
denaturation of collagen, being highly susceptible to enzymatic proteolysis [31] under
these conditions.

The amino acid composition and content (calculated as the dry weight percentage
of lyophilized R. pulmo samples) were assayed in untreated JF, JF-DW, and in calcium
salts-treated JF (Ca-Citrate JF-DW and Ca-Lactate JF-DW). The total content of amino acids
increased from the untreated JF (6%) to the JF washed with drinking water (JF-DW) (9.2%),
Ca-Citrate JF-DW (15.4 ± 0.7%), and Ca-Lactate JF-DW (15.3 ± 0.8%) (Table S4). Washing in
drinking water and soaking in calcium salt solutions could also cause a leakage of soluble
non-proteinaceous components and increase the proteinaceous/amino acid percentage on
a dry-weight basis.

The percentages of the taurine, leucine, tyrosine, phenylalanine, and lysine amino
acids were higher in the fresh and untreated JF than in the treated JF samples. Increases
in the percentages of proline, hydroxyproline, and glycine were also observed in JF-DW
and the Ca-treated samples (Ca-Citrate JF-DW and Ca-Lactate JF-DW), with proline and
hydroxyproline being abundant in collagen [32], a protein that JF are rich in.

16



Foods 2022, 11, 2697

  

(a) (b) 

Figure 2. (a) Protein content expressed in mg per 100 g of fresh weight (mg/100 g FW) and (b)
antioxidant activity expressed in nmol TE per gram of fresh weight (nmol TE/g FW) in differently
treated samples of R. pulmo jellyfish. JF-DW, R. pulmo washed with drinking water; Ca-Lactate JF-DW
and Ca-Citrate JF-DW, JF samples treated with calcium lactate or calcium citrate brines for 5 days,
respectively; Salt-Alum JF-DW, samples of R. pulmo JF-DW treated with salt and alum following
the traditional method; Salt-alum Jp, commercial ready-to-eat sample of JF produced in Japan by a
traditional alum-based method. Values are the means of three independent measurements ± standard
deviation. ANOVA statistical test followed by Dunnett’s multiple comparison post hoc test were
used to compare each treatment with the control (* p < 0.05 and *** p < 0.001).

Antioxidant activity (AA) was also evaluated in the same JF samples and expressed in
nanomoles of Trolox equivalent per gram of fresh weight (nmol TE/g FW, Figure 2b). Both
treatments with either calcium salts or the salt–alum treatment showed similar antioxidant
values to those found in JF-DW of approximately 200 nmol TE/g FW. This result indi-
cates that washing the JF with drinking water and successively soaking them in calcium
salt-based brines did not affect their antioxidant activity. Furthermore, JF-DW-pre-treated
samples showed antioxidant activity levels comparable to those obtained previously by
applying the JF-SW procedure [18]. These results could confirm that proteolytic events,
possibly due to the treatment, together with the release of small peptides [30], did not
affect the final antioxidant activity of the samples. Moreover, the pattern of those re-
leased small peptides may be different from those of the low-molecular-weight JF peptides
obtained by the controlled enzymatic hydrolysis of jellyfish collagen, as described by
De Domenico et al. [25].

It was also observed that the antioxidant activity in the commercial ready-to-eat
jellyfish (Salt-Alum Jp) was much higher than that in the treated R. pulmo JF-DW (Figure 2b).
This evidence could be related to several factors, such as the different JF species used in
the commercial product and its high dehydration level, or artificial antioxidants possibly
added as preservatives by the manufacturer.

3.3.2. Fatty Acids Composition

In JF-DW, saturated fatty acids (SFAs) accounted for about 50% of total fatty acids
(FA), followed by polyunsaturated fatty acids (PUFAs, about 45%) and a small amount of
mono-unsaturated fatty acids (MUFAs, 4.3% of the total FA) (Table 3). In R. pulmo samples,
there was an increase in the SFA percentage, from 50.4% (JF-DW) to 79.3 and 64.4% in
Ca-Citrate JF-DW and Ca-Lactate JF-DW, respectively. The SFA content in Salt-Alum JF-DW
R. pulmo was 81.3% and that in the commercial ready-to-eat jellyfish was 87%. Moreover,
Salt-Alum JF-DW and Salt-Alum Jp samples exhibited a more complex lipid profile, since
they contained several SFAs that were absent from JF-DW, such as nonadecanoic acid
(C19:0), arachidic acid (C20:0), behenic acid (C22:0), and lignoceric acid (C24:0). These
differences should be mainly due to the alum treatment of R. pulmo. The total MUFA
content generally increased in all treated JF samples compared with untreated JF-DW, thus
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indicating that the initial content of oleic acid (C18:1) was preserved, and also that iso-oleic
acid (C18:1 trans-10), palmitoleic acid (C16:1), and vaccenic acid (C18:1 cis-11) appeared.

Table 3. Fatty acid composition of R. pulmo JF samples. They were washed with drinking water
(JF-DW), treated with brines containing calcium salts (Ca-Citrate JF-DW and Ca-Lactate JF-DW), or
treated with the salt–alum method (Salt-Alum JF-DW); a commercial JF sample from Japan treated by
the salt–alum method (Salt-Alum Jp) was also tested. Fatty acid composition data are expressed as
the percentage of the total fatty acids ± SD.

Fatty Acids Composition (%)

Rhizostoma Pulmo Samples Commercial JF

JF-DW
Ca-Citrate

JF-DW
Ca-Lactate

JF-DW
Salt-Alum

JF-DW
Salt-Alum Jp

Saturated FA (SFA)
Myristic acid C14:0 4.0 ± 0.4 7.5 ± 0.8 7.2 ± 0.7 4.1 ± 0.4 2.6 ± 0.3

Pentadecanoic acid C15:0 —- —- —- 1.7 ± 0.2 —-
Palmitic acid C16:0 23.5 ± 2.5 34.9 ± 4.3 28.4 ± 0.3 35.4 ± 3.5 31.5 ± 3.1
Margaric acid C17:0 1.1 ± 0.2 1.3 ± 0.3 3.6 ± 0.1 4.8 ± 0.5 2.5 ± 0.3

Stearic acid C18:0 21.8 ± 2.1 35.6 ± 4.2 22.4 ± 2.3 32.9 ± 3.3 47.2 ± 4.8
Nonadecanoic acid C19:0 —- —- 2.8 ± 0.3 0.7 ± 0.1 0.6 ± 0.1

Arachidic acid C20:0 —- —- —- 1.1 ± 0.1 1.5 ± 0.1
Behenic acid C22:0 —- —- —- 0.3 ± 0.1 0.7 ± 0.1

Lignoceric acid C24:0 —- —- —- 0.3 ± 0.1 0.6 ± 0.1
Total SFA 50.4 ± 5.1 79.3 ± 0.8 64.4 ± 6.5 81.3 ± 8.2 87.1 ± 8.7

Monounsaturated FA
(MUFA)

Palmitoleic acid C16:1 (ω7) —- 2.7± 0.3 4.5± 0.5 3.5 ± 0.4 2.9 ± 0.3
Oleic acid C18:1 (ω9) 2.5 ± 2.1 2.0 ± 0.2 3.1 ± 0.3 1.4 ± 0.1 —-
Iso-oleic acid C18:1

trans-10
1.8 ± 0.2 —- 2.0 ± 0.2 —- 1.3 ± 0.1

Vaccenic acid C18:1 cis-11
(ω7)

—- 1.1 ± 0.1 —- 5.3 ± 0.5 3.8 ± 0.4

Trans-vaccenic acid C18:1
trans-13

—- —- —- 2.8 ± 0.3 —-

Paullinic acid C20:1 (ω7) —- —- —- 0.5 ± 0.1 —-
Total MUFA 4.3 ± 0.5 5.8 ± 0.6 9.6 ± 0.1 13.9 ± 1.4 8.0 ± 0.8

Polyunsaturated FA
(PUFA)

Linoleic acid C18:2 (ω6) —- —- 3.1 ± 0.5 2.0 ± 0.2 3.9 ± 0.4
Isolinoleic acid C18:2 trans

8.11
—- 3.9 ± 0.4 —- —- —-

Linolenic acid C18:3 (ω3) —- —- 2.0 ± 0.2 —- —-
Stearidonic acid C18:4 (ω3) —- —- 2.8 ± 0.3 —- —-

Eicosadienoic acid C20:2
(ω6)

—- —- —- —- —-

Arachidonic acid C20:4
(ω6)

33.8 ± 3.4 3.6 ± 0.4 4.5 ± 0.1 2.0 ± 0.2 1.0 ± 0.1

Eicosapentaenoic acid
C20:5 (ω3)

5.4 ± 0.4 4.0 ± 0.4 6.3 ± 0.6 0.4 ± 0.1 —-

Docosapentaenoic acid
C22:5 (ω3)

2.1 ± 0.2 —- 1.0 ± 0.1 —- —-

Docosahexaenoic acid
C22:6 (ω3)

4.1 ± 0.4 3.4 ± 0.3 6.3 ± 0.6 0.4 ± 0.1 —-

Total PUFA 45.4 ± 4.5 14.9 ± 1.5 26.0 ± 1.9 4.8 ± 0.5 4.9 ± 0.5
Σω6 33.8 ± 3.4 3.6 ± 0.4 7.6 ± 0.6 4.0 ± 0.4 4.9 ± 0.5
Σω3 11.6 ± 1.0 7.4 ± 0.7 18.4 ± 1.8 0.9 ± 0.2 —-

ω6/ω3 2.9 0.5 0.4 4.6 4.9
Total Lipids (%DW) 8.3 ± 0.9 13.2 ± 1.2 12.5 ± 1.3 6.3 ± 0.5 3.6 ± 0.4
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The increase in the saturated fatty acids content of all treated samples could be due to
lipid oxidation, which may lead to isomerization events and the production of new SFA
and PUFA species when lipid carbon chains break up and unsaturated FAs are converted
to SFAs [33].

The total PUFA content decreased after all the salt treatments. In the Ca-Lactate JF-DW
and Ca-Citrate JF-DW samples, the PUFA content decreased to 14.9% and 26%, respectively,
from the initial value of 45% in untreated JF-DW. Moreover, PUFAs were heavily reduced in
both Salt-Alum JF-DW and Salt-Alum Jp to 4.8 and 4.9%, respectively. However, despite the
decrease in quantity, the PUFA composition was still preserved in the calcium-salt-treated
JF. Linoleic (C18:2), linolenic (C18:3, ALA), and stearidonic (C18:4) acids were detected in
the calcium-treated samples, but not in the JF-DW, while the contents of other nutritionally
relevant FAs, such as arachidonic (C20:4), eicosapentaenoic (C20:5, EPA), docosapentaenoic
(C22:5, DPA), and docosahexaenoic (C22:6, DHA) acids, were maintained or increased.
Interestingly, the novel ω3-PUFA stearidonic acid (C18:4) was detected in the Ca-Lactate
JF-DW sample. This FA species is the substrate for the conversion of alpha-linolenic acid
(ALA) into longer ω3-PUFAs (EPA, DPA, and DHA) in humans, and it has attracted great
interest in recent years because it is obtained only from plants [34].

Overall, in comparison with the corresponding samples obtained by the same au-
thors following the JF-SW method [18], JF-DW pre-treatment in both calcium salt samples
exhibited increased values in terms of the total MUFA percentage. This effect was more
pronounced for the total PUFA percentages, where increases of 2.3- and 3.3-fold were ob-
tained for JF-DW Ca-citrate and Ca-lactate samples in comparison with the corresponding
JF-SW samples [18].

In addition, only the treatments with calcium salts yielded ω6/ω3 ratios less than 1
(0.4 and 0.5 for Ca-Citrate and Ca-Lactate JF-DW, respectively), which represents a healthy
composition, as suggested by the nutritional recommendations. The calcium salt-based
treatments increased the total lipids concentration in the samples and improved the ratio
of essential fatty acids (EFA) naturally present in the untreated material (ω6/ω3 = 2.9).
Conversely, the previous not-optimized method proposed by Bleve et al. [18] reported
ω6/ω3 ratios of 3.5 and 1.4 for JF-SW Ca-citrate and Ca-lactate treatments, respectively,
and 4.6 for JF-DW-Salt-Alum and 4.9 Salt-Alum Jp (traditional salt-alum-based treatment),
which are definitely well above the recommended ratio of ω6/ω3 < 1. Since dietary ω3
PUFAs and a balanced ω6/ω3 ratio are needed for the maintenance of human health,
the combination of JF-DW and calcium salt treatment proposed here preserved these
compounds better than JF-SW and the traditional salt–alum methods. In addition, the
total lipid content increased in the samples treated with calcium salts in comparison with
the untreated JF-DW (Table 3) and even decreased in the salt–alum-treated samples, thus
indicating the protective effects of the calcium salt process on JF lipids, as compared with
the traditional method.

3.3.3. Element Content

The profiles of some elements associated with JF samples treated with calcium citrate
and calcium lactate brines, as well as with JF treated with salt–alum, revealed the absence
or very low levels of cadmium (Cd), lead (Pb) and mercury (Hg) in JF tissues (Table 4). In
R. pulmo treated with the traditional salt–alum traditional method (Salt-Alum JF-DW), a
value of Pb corresponding to 9.748 ppm (or mg/Kg) of dry weight was observed. Notably,
the Ca-Citrate JF-DW and Ca-Lactate JF-DW showed lower contents of metals compared
with the samples produced with the traditional alum-based process (Salt-Alum JF-DW and
Salt-Alum Jp). This evidence was important to demonstrate the unique features of the
products obtained by the optimized method described here, since the element composition
of the food matrix can directly impact human health and is therefore closely related to
food safety.
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Table 4. Elements evaluated in the samples of R. pulmo subjected to different treatments. JF-DW, JF
samples washed with drinking water; Ca-Citrate JF-DW and Ca-Lactate JF-DW, R. pulmo JF treated
with brines containing calcium citrate or calcium lactate, respectively; Salt-Alum JF-DW, JF samples
treated with an alum-based procedure; Salt-Alum Jp, commercial JF treated with alum from Japan.
Data are expressed in ppm ± SD; the different letters in line indicate significant differences between
samples (p < 0.05).

Rhizostoma Pulmo Commercial

Elements Ca-Citrate JF-DW Ca-Lactate JF-DW Salt-Alum JF-DW Salt-Alum Jp

Ppm

Ag 0 (a) 0 (a) 8.554 ± 0.432 (b) 9.844 ± 0.432 (c)
Al 0.05722 ± 0.00411 (a) 0.20558 ± 0.04742 (a) 5213.552 ± 157.573 (b) 5979.045 ± 104.524 (c)
As 0.02667 ± 0.00103 (a) 0.03526 ± 0.00016 (a) 0.202 ± 0.002 (b) 0.236 ± 0.019 (c)
B 0.71483 ± 0.13397 (a) 0.71211 ± 0.16684 (a) 33.981 ± 0.255 (b) 84.628 ± 0.838 (c)
Ba 0.02983 ± 0.00486 (a) 0.02834 ± 0.00413 (a) 44.510 ± 0.289 (b) 8.693± 0.350 (c)
Bi 0 0 0 0
Ca 1480.38 ± 51.1962 (b) 736.053 ± 16.5789 (a) 632.589± 0.178 (c) 141.498 ± 0.090 (d)
Cd 0.0016 ± 0.00036 (a) 0.00163 ± 0.00021 (a) 0 (b) 0 (b)
Co 0.00055 ± 0.00008 (b) 0.00071 ± 0.00008 (a) 0 (c) 0 (c)
Cr 0.00072 ± 0.00005 (a) 0.00226 ±0.00009 (a) 87.544 ± 0.187 (b) 11.906 ± 0.131 (c)
Cu 0.02392 ± 0.00483 (a) 0.02484 ± 0.00563 (a) 8.180 ± 0.037 (b) 8.578 ± 0.124 (c)
Fe 0.09768 ± 0.04256 (a) 0.18979 ± 0.01947 (a) 284.792 ± 8.383 (b) 10.189 ± 1.345 (c)
Hg 0 (b) 0.01079 ± 0.00789 (a) 0 (b) 0 (b)
In 0 0 0 0
K 116.364 ± 29.4737 (a) 121.895 ± 40.5789 (a) 12021.737± 135.355 (b) 1241.373 ± 18.463(c)
Li 0.02682 ± 0.00457 (a) 0.02668 ± 0.00526 (a) 1.145 ± 0.008 (b) 0.536 ± 0.018 (c)

Mg 642.584 ± 91.866 (a) 545.632 ± 156.474 (a) 1664.770 ± 62.521 (b) 352.398 ± 9.879 (a,d)
Mn 0.00653 ± 0.00022 (a) 0.02137 ± 0.00153 (a) 140.681 ± 0.071 (b) 3.532 ± 0.203 (c)
Mo 0.0028 ± 0.00008 (a) 0.00339 ± 0.00008 (a) 2.084 ± 0.100 (b) 5.286 ± 0.551 (c)
Na 3858.61 ± 715.55 (a) 3165.26 ± 1127.89 (a) >10000 (b) >10000 (b)
Ni 0.00069 ± 0.00017 (b) 0.00147 ± 0.00011 (a) 0 (c) 0 (c)
Pb 0 (a) 0 (a) 9.748 ± 0.372 (b) 0 (a)
Sr 2.88278 ± 0.47129 (a) 2.77105 ± 0.48684 (a) 25.813 ± 9.1158 (b) 5.960 ± 0.157 (a,b)
Te 0.00012 ± 0.0002 (b) 0.00103 ± 0.0005 (a) 0 (b,c) 0 (b,c)
Tl 0 0 0 0
V 0.47493 ± 0.08632 (a) 0.46234 ± 0.10503 (a) 12.180 ± 0.034 (b) 81.073 ± 0.002 (b)
Zn 0.34144 ± 0.03876 (a) 0.47313 ± 0.02434 (a) 36.019 ± 0.221 (b) 2.606 ± 0.033 (b)

Chromium (Cr) is considered an essential element, playing a role in the maintenance of
carbohydrates, fats, and protein metabolism. However, the levels of this element in Asian-
style produced JF should be supervised, since the European suggested daily intake range
for humans is 25–200 mg/day [35]. The same considerations can be applied to Vanadium
(V), which has a mean dietary intake of about 10–20 μg/person/day or 0.2–0.3 μg/kg body
weight/day. Studies in humans revealed gastrointestinal disturbances deriving from the
oral intake of vanadium compounds, as well as adverse effects on kidneys and other organs
in rats, at relatively low doses. These compounds are not considered essential for humans.

All the tested JF samples did not contain significant levels of Pb, Cd, and Hg, which
are considered critical contaminants in foodstuffs [36,37].

Notably, very low levels of aluminum were detected in the Ca-Citrate and Ca-Lactate
JF-DW samples. In accordance with other studies [10,38], the data reported here showed
very high levels of aluminum in both salt–alum-treated JF, the Salt-Alum JF-DW, and the
commercial Salt-Alum Jp, as expected. Regarding the use of alum as a structuring agent for
human food, allowed as aluminum sulfates (E 520–523) and sodium aluminum phosphate
(E 541), the European Union is very restrictive due to the possible neurotoxic effects of
aluminum salts [11], whereas the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) set a provisional tolerable weekly intake (PTWI) of 2 mg/kg of body weight [39].
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3.4. Principal Component Analysis Applied to JF Treated Samples

A principal component analysis (PCA) was carried out in order to thoroughly compare
the JF products obtained by the different treatment methods. The PCA was applied to
many relevant parameters, such as the texture, pH, salinity, protein content, fatty acid
content, antioxidant activity, and metal content, that can describe the JF samples: JF-DW, Ca-
Lactate JF-DW, Ca-Citrate JF-DW, JF treated by the traditional salt–alum method (Salt-Alum
JF-DW), and the commercial JF (Salt-Alum Jp) (Figure 3).

 

Figure 3. PCA of parameters associated with all treated JF samples. The PCA variables were the
data obtained from the analysis of the values of physical traits and the concentrations of chemical
compounds at the end of the process. The figure displays the sample scores and variable loadings in
the planes formed by PC1–PC2.

A bi-plot is used to show the projection of the variables on the plane defined by the
first and second principal components. The total variance of the two main components
was 80.3 % (Figure 3). PC1 clustered samples treated with both calcium salts (Ca-Lactate
and Ca-Citrate JF-DW) with the untreated JF-DW on the negative semi-axis of the first
component, discriminating them from the two salt–alum-treated JF. The clustered group of
untreated JF-DW, Ca-Lactate-JF-DW, and Ca-Citrate JF-DW samples were evidently located
in the portion of the plane characterized by the pH, texture, antioxidant activity (AA), and
PUFA content. The second and the third groups containing Salt-Alum JF-DW and the
commercial Salt-Alum Jp, respectively, were located in the opposite portion of the plane,
mainly associated with metal ions, particularly aluminum, salinity, SFAs, and MUFAs, and
an unfavorable ω6/ω3 ratio.

The application of this unsupervised technique disclosed the considerable difference
between the products obtained by the newly proposed method and the traditional methods
used to prepare JF for human food uses. The Ca-Lactate-JF-DW and Ca-Citrate JF-DW final
products were very close to the fresh untreated JF and were characterized by peculiar food
safety and food quality traits.
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3.5. Application of the New Treatment to Different JF Species

The described JF treatments were also applied to three other putatively edible JF
species: Cotylorhiza tuberculate, Rhopilema nomadica, and Phyllorhiza punctata. These three
scyphozoa are consumed by humans as food in different areas of the world [1] and were
chosen in this study as their presence has also been detected in the Mediterranean Sea.

Food safety and several product features (such as microbiology, texture, pH, and
salinity), together with basic nutritional characteristics (such as the fatty acids profile,
protein content, and antioxidant activity) were assessed for these samples to evaluate them
as potential sea-derived food.

Safety and quality traits. The loads of potential pathogenic species, spoilage microbes,
and halophilic microbes were not significant in the untreated samples for any of the
analyzed JF (Tables S5–S7). After calcium citrate and lactate treatments, the final microbial
counts in terms of halophilic species were very low in all three tested JF species, thus
suggesting that brine treatment exerts efficient microbial control in all of the different
analyzed JF species, despite their distinctive features.

Calcium citrate and calcium lactate treatments improved the texture value of Coty-
lorhiza tuberculata samples by 2.1- and 1.8-fold, respectively. On the other hand, the same
treatments led to a decrease in the texture value in the Rhopilema nomadica and Phyllorhiza
punctata samples (Table S8). The latter results are probably related to the non-optimal
conditions for storing the samples, having been shipped as frozen material from Israel to
Italy and subject to an extended transit time. Therefore, additional tests are planned to
confirm the applicability of the proposed procedures to R. nomadica and P. punctata species.

Nutritional traits. R. nomadica and C. tuberculata washed with drinking water (JF-
DW) showed protein contents of 176.8 mg/100 g FW and 170.3 mg/100 g FW, respec-
tively, (Figure S2a), values that were slightly lower than that measured for R. pulmo JF-DW
(Figure 2a. On the other hand, P. punctata showed a protein content about 2.2-fold higher
than that of the other two analyzed species (393.6 mg/100 g FW, Figure S2a). The calcium
salt brine treatments decreased the protein content by 60–70% in almost all three JF species,
as was previously observed also for R. pulmo samples (Figure 2a), with the only excep-
tion of R. nomadica treated with calcium citrate, where the original value was preserved
(Figure S2a).

Additionally, R. nomadica treated with calcium citrate kept the same antioxidant activity
(AA) value (about 130 nmol TE/g FW, Figure S2b) as that before treatment, whilst the
same treatment on P. punctata and C. tuberculata caused a reduction in AA of about 50%
(Ca-Citrate JF-DW, Figure S2b). Furthermore, both R. nomadica and P. punctata showed a
reduction of 40% in the initial AA after calcium lactate treatment, whereas in C. tuberculate,
the reduction was only about 20%. These data, together with the values obtained for
R. pulmo (Figure 2), suggested that the calcium brines significantly affected the protein
concentration and the choice of calcium salt for the treatment should be adapted to the
different JF species.

The FA profiles, reported as the percentage of total FA, were very different between the
three JF species (Table S9). R. nomadica and C. tuberculata JF-DW showed a higher content of
SFA than P. punctata. PUFAs detected in the JF were probably correlated with the presence
of symbiotic species of zooxanthellae microalgae in C. tuberculata and P. punctata. Calcium
salt treatments, mainly calcium citrate, led to a slight increase in the SFA percentage and
a reduction in the PUFA content in R. nomadica and C. tuberculata. In R. nomadica, these
treatments also led to a reduction in MUFA. On the contrary, C. tuberculata, which did
not contain any detectable MUFAs in untreated material, contained iso-oleic acid (C18:1
trans-10) and the PUFA isolinolenic acid (C18:2 trans 8,11) when treated with calcium
lactate. P. punctata treated with calcium salts exhibited a decrease in the SFA content and an
increase in the PUFA contents, whereas the levels of MUFAs did not vary compared with
the untreated sample. Remarkably, the MUFA iso-oleic acid (C18:1) and PUFA eicosadienoic
acid (C20:2) appeared in P. punctata Ca-Lactate JF-DW, although they were not initially
detectable in the untreated JF sample. However, as shown in Table S9, the essential fatty

22



Foods 2022, 11, 2697

acids’ (EFAs’) ω-6 to ω-3 ratio in untreated P. punctata was less than 1 (ω6/ω3 < 1) and was
maintained after the samples were treated with calcium salts (0.4 and 0.3 for Ca-Citrate and
Ca-Lactate JFDW, respectively). Among all other treatments, C. tuberculata JF-DW treated
with calcium citrate was the only species having yielded a favorable ratio of ω6/ω3 < 1
(0.7, Table S9). On the contrary, both R. nomadica and C. tuberculata samples treated with
calcium lactate always achieved a ω6/ω3 ratio higher than the recommended score of 1
(Table S9).

4. Conclusions

An optimized method that combines pre-treatment with drinking water followed by a
soaking step in calcium salt brine was proposed to stabilize and treat JF for possible food
uses in Europe and Western countries. The described procedure for JF-DW pre-treatment
improved the fundamental aspects of JF tissue stabilization. The significant reductions
in any microbiological growth and undesired enzymatic risks, increased texture values,
and desirable antioxidant and fatty acid profiles are some relevant improvements with
respect to the very recently proposed JF-SW method [18]. Moreover, the presented approach
allowed the content of toxic heavy metals, and especially aluminum, to be strongly reduced.
This new, safe approach was initially set up on R. pulmo JF species, and later successfully
applied to other JF species present in the Mediterranean Sea, thus leading to a preliminary
validation of the proposed method. The products obtained by the method described here
were used for the formulation of new food prototypes. The characterization of the safety,
quality, nutritional, and sensory aspects is ongoing. This study can offer a contribution to
fill the knowledge gap in the assessment of JF use as human food in Western countries,
even though further important evidence needs to be gathered in terms of toxicological
and allergen testing. In addition, the technological simplicity of this process will allow
its application in poor coastal environments. As a potential future application, a new
commercial kit based on the procedure proposed here could be easily developed and
retailed by the same fish shops selling freshly harvested edible JF as a helpful tool for
consumers interested in preparing homemade and safe JF-based dishes.

5. Patents

The optimized method for JF treatment and stabilization described in this manuscript
is part of the European Patent EP 3763224, deposited on 2020 [40].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11172697/s1, Figure S1. Rhizostoma pulmo jellyfish products
obtained by the new proposed method. Ca-Citrate JF-DW: JF after treatment with calcium citrate
brine; Ca-Lactate JF-DW: JF after treatment with calcium lactate brine; Salt-Alum JF-DW: JF obtained
by the salt–alum-based traditional method. Figure S2. Proteins content (a) and Antioxidant activity
(b) in Cotylorhiza tuberculata, Rhopilema nomadica and Phyllorhiza punctata JF-DW samples and the
corresponding calcium salt treated samples (Ca-Lactate JF-DW and Ca-Citrate JF-DW). Protein con-
tents were expressed as mg per 100 g of fresh weight (mg/100 g FW) and antioxidant activity was
expressed as nmol TE per gram of FW (nmol TE/g FW). Values are the means of three independent
measurements, ±standard deviation. ANOVA statistic test followed by Bonferroni’s multiple com-
parison post-hoc test was used to compare each treatment with the others for each JF species. Table
S1. Microbiological analyses of JF-DW (JF transported on lab and pre-treated with drinking water)
untreated and treated with brines containing different calcium salts at 5 days treatment at 4 ◦C (Ca-
Citrate: calcium citrate; Ca-Lactate: calcium lactate). The different letters in line indicate significant
differences between samples (p < 0.05). TBC: total bacterial count at 30 ◦C; sCMA: saline Corn Meal
Agar; sSDA: saline Sabouraud Dextrose Agar. Table S2. Microbiological analyses of JF-B (JF directly
pre-treated on boat) untreated and treated with brines containing different calcium salts at 5 days
treatment at 4 ◦C (Ca-Citrate: calcium citrate; Ca-Lactate: calcium lactate). The different letters in line
indicate significant differences between samples (p < 0.05). TBC: total bacterial count at 30 ◦C; sCMA:
saline Corn Meal Agar; sSDA: saline Sabouraud Dextrose Agar. Table S3. Microbiological analyses of
Rhizostoma pulmo JF sample washed in drinking water and then treated with NaCl-alum (Salt-Alum
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JF-DW). This sample was obtained after 20 days at 4 ◦C and 2 days air drying (as described in Material
and Methods section). TBC: total bacterial count at 30 ◦C; sCMA: saline Corn Meal Agar; sSDA:
saline Sabouraud Dextrose Agar. Table S4. Amino acid composition of Rhizostoma pulmo JF fresh
and untreated (Untreated JF), washed in drinking water (JF-DW), and treated with calcium citrate
(Ca-Citrate JF-DW) and calcium lactate (Ca-Lactate JF-DW). Data are mean ± Standard deviation
(±SD) of four independent analyses. AA. amino acids; Nd. Not detected. Table S5. Microbiologi-
cal analyses of Cotylorhiza tuberculata JF sample washed with drinking water (JF-DW) and treated
with brines containing calcium salts (Ca-Citrate: calcium citrate; Ca-Lactate: calcium lactate). The
different letters in line indicate significant differences between samples (p < 0.05). TBC: total bacterial
count at 30 ◦C; sCMA: saline Corn Meal Agar; sSDA: saline Sabouraud Dextrose Agar. Table S6.
Microbiological analyses of Rhopilema nomadica JF sample washed with drinking water (JF-DW) and
treated with brines containing calcium salts (Ca-Citrate: calcium citrate; Ca-Lactate: calcium lactate).
The different letters in line indicate significant differences between samples (p < 0.05). TBC: total
bacterial count at 30 ◦C; sCMA: saline Corn Meal Agar; sSDA: saline Sabouraud Dextrose Agar. Table
S7. Microbiological analyses of Phyllorhiza punctata JF sample washed with drinking water (JF-DW)
and treated with brines containing calcium salts (Ca-Citrate: calcium citrate; Ca-Lactate: calcium
lactate). The different letters in line indicate significant differences between samples (p < 0.05). TBC:
total bacterial count at 30 ◦C; sCMA: saline Corn Meal Agar; sSDA: saline Sabouraud Dextrose Agar.
Table S8. Texture, salinity and pH values of Cotylorhiza tuberculata. Rhopilema nomadica and Phyllorhiza
punctata JF samples washed with drinking water (JF-DW) and treated with brines containing calcium
salts at 5 days treatment (Ca-Citrate: calcium citrate; Ca-Lactate: calcium lactate). The different letters
in line indicate significant differences between samples (p < 0.05). Table S9. Comparison of the fatty
acid composition of and Rhopilema nomadica. Phylloriza punctata and Cothyloriza tuberculata JF samples
washed with drinking water (JF-DW) and treated with brines containing calcium salts at 5 days
treatment (Ca-Citrate: calcium citrate; Ca-Lactate: calcium lactate). Fatty acid composition data are
expressed as percentage of the total fatty acids ± SD.
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Abstract: Over the past few years, many studies have shown how territoriality can be considered a
driver for purchasing agri-food products. Products with certification of origin are perceived as more
sustainable, safer and of better quality. At the same time, producers of traditional products often
belong to small entities that struggle to compete with large multinational food corporations, having
less budget to allocate to product promotion. In this study, we propose a neuromarketing approach,
showing how the use of these techniques can help in choosing the most effective commercial in
terms of likeability and ability to activate mnemonic processes. Two commercials were filmed for the
purpose of this study. They differed from each other in terms of emotional sequence. The first aimed
primarily at eliciting positive emotions derived from the product description. The second aimed
to generate negative emotions during the early stages, highlighting the negative consequences of
humans’ loss of contact with nature and tradition and then eliciting positive emotions by presenting
cheese production using traditional techniques as a solution to the problem. Based on the literature
on the emotional sequences in social advertising, we hypothesised that the second commercial would
generate an overall better emotional reaction and activate mnemonic processes to a greater extent.
Our results partially support the research hypotheses, providing useful insights both to marketers
and for future research on the topic.

Keywords: emotions; neuromarketing; traditional cheese; territoriality; agri-food products

1. Introduction

Over the past few years, rootedness in the territory has become a very important
motivational driver for the purchase of agri-food products [1–4]. In order to protect the
rights of both consumers and producers, the European Union (EC Regulations 2081/92
and 2082/92) has identified three different designations that certify the products with a
strong territorial identity: the Protected Designations of Origin, the Protected Geographical
Indications, and the Traditional Specialities Guaranteed [5]. Those certified products are
often associated with appealing concepts such as quality [6], tradition [7], sustainability [8],
safety [2] and cultural identification [9]. Nevertheless, they struggle to compete with their
industrial competitors in terms of budget allocation for communication campaigns since
they are often produced by small and rural entities [10].

The communication campaigns make extensive use of emotions since they mediate and
moderate consumer decision-making processes [11]. The effectiveness of commercials in
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generating emotions has been shown to be a good sales predictor [12]. In fact, emotions have
a strong impact on message perception [13], increasing the likelihood that the advertised
product or brand will attract attention and be remembered [14–16].

In recent years, much research has focused on how the sequence of opposite emotions
(negative emotions followed by positive emotions or positive emotions followed by nega-
tive emotions) can be effective in persuading consumers [17]. Some evidence suggests that
negative emotions followed by positive emotions are more effective because people per-
ceive emotions based on an initial reference point [18,19]. For example, charity advertising
most often tends to elicit negative emotions from the description of a problematic situation
and then generate positive emotions from the description of the possibility of making
actions to help people in need [20,21]. Although the issues and psychological mechanisms
underlying the charity advertising are very different from those of agri-food products,
similar concepts can be, in principle, applied to both. Just as the act of giving can help
solve a problematic situation, the consumption of agri-food products rooted in the local
area can be presented as a possible solution to problems such as pollution, communication
asymmetry between consumer and producer, and the low perception of safety associated
with industrial products [22–25].

In the past, the effectiveness of the communication campaigns in eliciting specific
emotions had been studied mainly by assessing consumers’ conscious responses. However,
the limitations of “classic” survey instruments used by marketers have been discussed
in the literature for a long time now. Questionnaires [26,27], interviews [28,29] and focus
groups [30] have been shown to be reliable only within certain limits, due to both the impos-
sibility of obtaining detailed and/or truthful opinions from people [31] and the need to rely
on subjective interpretations of interviewers that may not reflect the real internal dynamics
of the consumer [30]. The lack of reliable methods for predicting consumer behaviour can
have serious consequences: of the new products launched in the market, between 40% and
80% are doomed to fail, causing economic damage to companies quantifiable in the order
of billions of dollars [32–34]. For these reasons, in recent years, there has been a growing
interest in neuromarketing techniques [34,35].

We refer to neuromarketing as the use of neuroscience tools and insights to pro-
vide answers to challenges in business practices, especially in advertising and marketing
research [36]. This discipline studies the latent mental processes underlying consumer
behaviour [37,38]. The emergence of this strand of literature is due, on the one hand, to
the need of marketers to identify methods that can better predict the success of marketing
campaigns and, on the other hand, the need of neuroscientists to develop methods and tech-
niques that can increase our knowledge of the brain [34,39–41]. Neuromarketing aims to
overcome the limitations of traditional marketing methodologies by directly investigating
emotional reactions using tools capable of detecting electrophysiological variables [40–43].

Neuromarketing applications are widespread. They include the evaluation of static ad-
vertising in both digital and printed format [44], radio and video commercials [45], as well
as product packaging [46]. In addition to the profit-making sector, no-profit organisations
operating in the charity [47] and social utility [48] have taken advantage of neuromarketing.
Within the food and beverage sector, neuromarketing investigated the effectiveness of
the food packages in communicating key factors such as the health content of the labels
and the presence of additives [49], as well as the consumption sustainability [50] and the
territoriality [1].

To the best of our knowledge, no study has ever assessed the effectiveness of certified
agri-food product communication using neuromarketing techniques. In addition, no study
has ever investigated the role of the emotional sequence in the communication of certified
agri-food products.

This study fills these gaps in the literature, evaluating the emotional impact of two
different video commercials created to promote certified cheeses from Southern Italy. Both
the commercials focused on themes such as references to territory, production techniques
and natural landscapes as key communication drivers. References to territoriality are often
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used because the specificity of the area of origin and the limited production area help
endow the product with special characteristics in the eyes of the consumer [51]. Emphasis
on production techniques was placed to emphasise sustainability in terms of respect for the
environment and support for local people [22,23]. Finally, since certified products are also
characterised in terms of eco-sustainability and environment preservation, references to
nature are often present in their promotion [52].

Although the two videos focused on the same themes, they differed in terms of
emotional sequence. The first, named “Rewind”, was designed to elicit mostly positive
emotions, focusing mainly on aspects related to the goodness of the product and production
techniques. The second, named “The Myth”, was designed to elicit an emotional sequence
from initial negativity to positivity in the end: the theme of the territoriality is proposed as
a solution to the problems represented by the loss of contact of humans with territories and
traditions. A detailed description of the videos can be found in Appendix A.

As common practice in neuromarketing studies [53], we collected three electrophysiolog-
ical signals: the electroencephalogram (EEG), the skin conductance (SC) and the photoplethys-
mogram (PPG). Four different indices were calculated from the above-mentioned signals:

• Approach-Withdrawal Index (AWI): an EEG-based index associated with the instinc-
tive reaction of approaching towards or moving away from a stimulus [54,55];

• Memorisation Index (MI): an EEG-based index associated with successful memory
encoding [56,57];

• Hearthrate (HR): a PPG-based index associated with the emotional valence [58]
• Emotional Index (EI): a compound SC- and PPG-based index that summarises the

emotional degree (either positive or negative) [59].

We compared both the overall videos and the sequences corresponding to the four
narrative themes (i.e., territory, product, production techniques, natural landscapes) to
explore the impact of the emotional sequence on the affect (AWI, HR and EI indices) and
the memorisation (MI index).

This study was intended to help producers identify the most effective communication
strategy for territorial agri-food products. We believe it represents an added value, espe-
cially for small local realities, helping them to optimise investments and reduce the gap
with the big food corporations.

2. Materials and Methods

2.1. Research Hypotheses

In the text below, we referred to the videos “Rewind” and “The Myth”, as, respectively,
“R” and “M”. The themes of “territory”, “product”, “production techniques” and “natural
landscapes” were shortened to, respectively, “Tr”, “Pr” “Prd” and “Nt”.

The general aim of the study was detailed in terms of the following six research
Hypotheses (H1)–(H6):

Hypothesis 1 (H1). The video characterised by a negative–positive emotional sequence (M) gen-
erates, overall, a more positive emotional reaction than the commercial predominantly focused on
positive emotions (R). We expect greater AWI, EI and HR values in M than in R;

Hypothesis 2 (H2). The themes Tr, Prd, and Nt will generate a more positive reaction in video M
than R. For each theme, we expect greater AWI, EI and HR values in M than R;

Hypothesis 3 (H3). Pr sequences generate a more positive emotional reaction in M than in R. We
expect greater AWI EI and HR values in M than in R;

We also expect an impact on the salience, and thus on their memorisation, of the
elements of the emotional sequence. Therefore, we hypothesised that:
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Hypothesis 4 (H4). The video M activates greater memorisation processes than R. We expect
greater MI values in M than R.

Hypothesis 5 (H5). The themes Tr, Prd, and Nt will activate greater memorisation processes in M
than R. For each theme, we expect greater MI values in M than R;

Hypothesis 6 (H6). Pr activates greater memorisation processes in M than R. We expect greater
MI values in M than in R.

2.2. Instrumentation

We recorded the EEG using an NVX-52 device (Medical Computer Systems, Ltd.,
Moscow, Russia) at a sample frequency of 2 kHz and a resolution of 24 bits. We placed
38 active Ag/AgCl electrodes on the scalp according to the 10–20 system [60] by means of
an elastic cap, in addition to two Ag/AgCl earlobes electrodes and one Ag/AgCl adhesive
patch that served, respectively, as reference and ground.

We recorded the SC and the PPG signals using, respectively, the GSRSens (Medical
Computer Systems, Ltd.) and FpSens (Medical Computer Systems, Ltd.) sensors, both
connected to the auxiliary inputs of the NVX-52. We placed the two Ag/AgCl electrodes of
the GSRSens on the index and ring finger from the non-dominant hand and the FpSens
on the middle finger from the same hand. Both the GSR and PPG signals were acquired
synchronously to the EEG at the same sample frequency and resolution. The recordings
were controlled by the NeoRec software (Medical Computer Systems, Ltd.).

We used the iMotions software (iMotions, A/V) to deliver the stimuli. At the beginning
of the experiment, iMotions generated a TTL pulse that was fed into the digital inputs
of the NVX-52 using the ESB (EEG Synchronisation Box) [61]. This served to perform an
off-line synchronisation between the recorded data and the stimuli timestamps.

2.3. Study Population and Experimental Protocol

Forty healthy Italian subjects (20 males) with ages ranging from 33 to 56 years
(M = 45.67, SD = 7.36) were enrolled in the experiment. The subjects were randomly
divided into two sub-groups of 20 subjects each. The groups did not differ in terms of mean
age and gender proportions, as verified by the Mann–Whitney (W = 200.500, p = 1.000) and
chi-squared (χ2(1) = 0.000, p = 1.000) tests, respectively.

The sample size was selected after a sensitivity analysis that was performed using the
G*Power software [62] with the following input parameters:

• α = 0.05;
• (1 − β) = 0.95;
• Total sample size = 40;
• Number of groups = 2;
• Correlation among the repeated measures = 0.5;
• Nonsphericity correction = 1.

The computed effect size was f = 0.235, corresponding to a medium value [63].
The study protocol followed the Helsinki declaration and informed written consent

was obtained from each participant.
Each subject sat on a chair placed in front of a 23.8-inch monitor (FlexScan EV2451,

Eizo KK) located in a 7 × 3 m experimental room, artificially lit by florescence lights and
in the absence of any natural light. Two experimenters positioned the SC, PPG and EEG
sensors and checked the quality of the signals before starting the recording. The contact
impedance of the EEG electrodes was measured and ensured to be less than 10 kΩ [64].

At the beginning of experiment, the subject performed a 60-s-long eye-closed baseline
(EYC), followed by a 2-min-long neutral baseline (BSL). Then, according to the group
splitting, either the M or R video was proposed.
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2.4. Video Segmentation

For each video, the sequences corresponding to the 4 narrative themes (Nt, Tr, Pr, Prd)
were identified and manually marked by 2 independent judges using the Boris software [65].
In order to compute the inter-rater reliability, the Cohen’s κ was evaluated within a 2s-
long sliding window. We obtained values of κ = 0.83, and κ = 0.86 for video M and R,
respectively, corresponding to a strong agreement [66]. Onsets and durations of the themes
were built as the intersection between the chunks identified by the two raters. Finally, the
onsets and the durations of both the EYC and BSL epochs, as well as the 4 themes, were
exported for the subsequent analyses.

2.5. EEG Processing

The EEG was processed using Matlab (The Matwhorks, Inc., Natick, MA, USA) and
the EEGLab toolbox [67], following a previously proposed standard pipeline [54,68].

First, the data were re-referenced to the linked earlobes and down-sampled to 512 Hz.
Then, a band-pass filter (0.1–30 Hz) and a notch filter (50 and 100 Hz) were applied in order
to remove the physiological and external noise. The Artefact Subspace Reconstruction (ASR)
with a default cut-off parameter (k = 20) was applied in order to remove non-stationary
artefacts [69]. The data were then decomposed into Independent Components (ICs) using
the SOBI algorithm [70]. By using the neural-net based classifier ICLabel [71], artefactual
ICs were identified as those with brain probability Pr{brain} ≤ 0.7 and set to zero, while
non-artefactual ICs were back-projected to the original sensor space. A Current Source
Density (CSD) reference was then applied in order to increase the spatial resolution of the
EEG at the sensor level [72].

Finally, the cleaned EEG was epoched according to the onset and the duration of the
EYC and BSL stimuli, as well as the narrative sequences. For each subject, we computed
the Individual Alpha Frequency (IAF), which is defined as the centre of gravity of the PSD
within the extended alpha range (7.5–12.5 Hz) [73]. In the IAF calculation, we considered,
as PSD, the mean PSD aver-aged across all the occipital channels. The occipital PSDs
were computed using the EYC data. Finally, we computed 2 canonical EEG bands as:
δ = [0; IAF − 6] Hz and α = [IAF − 2; IAF + 2] Hz [74].

In order to have the highest temporal resolution, all indices were computed following
the filtering approach, which is based on filtering and averaging an appropriate set of
EEG channels to produce a cluster [54]. The Hilbert Transform was applied to the filtered
channels before the averaging to compute the smoothed instant power [75]. The AWI was
obtained by subtracting the α-filtered right-frontal (FP2, F4, F8, FT8, FC4) and left-frontal
(FP1, F3, F7, FT7, FC3) clusters [54], while MI was obtained as the θ-filtered left-frontal
(FP1, F3, F7, FT7, FC3) cluster [57].

2.6. SC and PPG Processing

The SC and PPG signals were processed using Matlab (Mathworks, Inc.), following a
previously proposed standard pipeline [68,76].

The SC signal was first band-pass filtered (0.001–0.35 Hz); then, a threshold for SC
extreme values (0.05–60 μS) and extreme rate of changes (±8 μS/s) was used in order to
detect artefacts [77]. The artefactual points were replaced by a linear interpolation using
adjacent points. From artefact-corrected SC, the tonic Skin-Conductance Level (SCL) was
extracted by means of the cvxEDA algorithm [78].

The BVP signal was first low pass filtered (5 Hz); then, all peaks were identified using
the Pan–Tompkins algorithm [79], and the instant HR was computed from the inverse of
the peak-to-peak distance. Finally, the HR signal was linearly interpolated and filtered with
a 2s-long moving average filter in order to obtain a smoother signal.

By means of a trigonometric transformation, SCL and HR were converted into the
uni-dimensional EI [57].
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2.7. Baseline Normalisation

AWI, MI, HR and EI signals were epoched according to the narrative sequences and
z-score transformed with respect to the BSL as [76]:

x′(t) = [x(t)− mBSL]/sBSL (1)

where x′(t) is the z-score transformed signal, x(t) is the original signal, mBSL is the temporal
mean of x(t) in the BSL epoch and sBSL is the temporal standard deviation of x(t) in the
BSL epoch.

Then, the signals were temporally averaged across each narrative sequence in order
to obtain a condensed stimulus-related index [80]. For each Video × Theme combination,
outliers were identified by means of the inter-quantile range (IQR) criterion as points
outside the interval [Q1 − 1.5 × IQR; Q3 + 1.5 × IQR], where Q1 is the first quartile, Q3 is
the third quartile and IQR = Q3 − Q1 [81].

2.8. Statistical Analyses

The statistical analyses were performed using JASP v.0.14 [82]. Each index was anal-
ysed by a two-way mixed ANOVA, considering the Video as a between-subject factor
(two levels: M, R) and the narrative theme (hereinafter, Theme) as the within factor (four
levels: Nature, Territory, Product, and Production). Prior to the analyses, the sphericity of
the Theme and the equality of variances of the Video were assessed by the Levene’s and
Mauchly’s tests, respectively. In the case of sphericity violations, the Greenhouse-Geisser
correction based on the sphericity estimator ω was applied [83]. All the post-hoc compar-
isons were Holm-corrected. In the following section, all the significant differences were
provided either as mean (M) and standard deviation (SD) or marginal mean (MM) and
standard error (SE).

After the processing phase, 3 subjects were excluded from further analysis due to the
excessive noise in their physiological signals. The final sample consisted of 37 subjects
(19 males) with ages ranging from 33 to 56 years (M = 45.24, SD = 7.48). The M and
R subgroups groups still did not differ in terms of mean age and gender proportions,
as verified by means of the Mann–Whithney (W = 198.500, p = 0.411) and chi-squared
(χ2(1) = 0.026, p = 0.873) tests, respectively.

3. Results

3.1. EEG-Related Indices

The AWI did not show any significant main effect or interactions. The MI showed a sig-
nificant main effect for the video (F(33, 1) = 5.493, p = 0.025) and a significant interaction
of the theme × video (F(2.250, 74.246) = 5.711, p = 0.004, ω = 0.750). Post-hoc compar-
isons showed a significant (p = 0.025) difference between M (MM = 0.060, SE = 0.079)
and R (MM = −0.202, SE = 0.079). Nature × R (M = 0.001, SD = 0.251) and Territory
× R (M = −0.420, SD = 0.480) showed a significant (p = 0.027) difference, similarly to
Product × R (M = −0.310, SD = 0.365, n = 17) and Territory × M (M = 0.230, SD = 0.481) -
p = 0.015, as well as Territory × M (M = 0.230, SD = 0.481) and Territory × R (M = −0.420,
SD = 0.480) - p = 0.001. The following Figure 1 and Table 1 show, respectively, the descrip-
tive plot with standard error bars and the descriptive statistics of the MI, split for video
and theme.
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Figure 1. Descriptive plot with error bars of the MI, split for the video (M = The Myth, R = Rewind)
and the theme (Nt = Nature, Pr = Product, Prd = Production, Tr = Territoriality). The vertical axis is
expressed as unit-less z-scores.

Table 1. Descriptive statistics (M = mean, SD = standard deviation, n = number) of the MI, split for
the video (M = The Myth, R = Rewind) and theme (Nt = Nature, Pr = Product, Prd = Production,
Tr = Territoriality). All values are expressed as unitless z-scores.

Theme Video M SD n

Nt M 0.001 0.251 18
R −0.015 0.687 17

Pr M −0.028 0.307 18
R −0.310 0.365 17

Prd M 0.021 0.515 18
R −0.076 0.347 17

Tr M 0.230 0.481 18
R −0.420 0.480 17

3.2. SC- and BVP-Related Indices

HR showed a significant main effect of the theme (F(1.504, 45.135) = 3.669, p = 0.045,
ω = 0.501) and the video (F(1, 30) = 15.263, p < 0.001). Post hoc comparisons found a
significant (p = 0.013) difference between Product (MM = −0.640, SE = 0.167) and Terri-
tory (MM = −0.046, SE = 0.167), as well as between M (MM = 0.081, SE = 0.172) and R
(MM = −0.867, SE = 0.172), p < 0.001. The following Figure 2 and Table 2 show, respectively,
the descriptive plot with standard error bars and the descriptive statistics of the HR, split
for video and theme.

Table 2. Descriptive statistics (M = mean, SD = standard deviation, n = number) of the HR, split for
the video (M = The Myth, R = Rewind) and theme (Nt = Nature, Pr = Product, Prd = Production,
Tr = Territoriality). All values are expressed as unitless z-scores.

Theme Video M SD n

Nt M 0.087 0.735 16
R −1.090 0.906 16

Pr M −0.310 0.538 16
R −0.970 0.866 16

Prd M 0.316 0.513 16
R −1.081 0.803 16

Tr M 0.232 1.241 16
R −0.324 1.514 16
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Figure 2. Descriptive plot with error bars of the HR, split for the video (M = The Myth, R = Rewind)
and the theme (Nt = Nature, Pr = Product, Prd = Production, Tr = Territoriality). The vertical axis is
expressed as unit-less z-scores.

EI showed a significant main effect of the video (F(1, 31) = 7.728, p = 0.009). Post hoc
comparisons showed a significant difference between M (MM = −0.033, SE = 0.062) and R
(MM = −0.279, SE = 0.062), p = 0.009. The following Figure 3 and Table 3 show, respectively,
the descriptive plot with standard error bars and the descriptive statistics of the EI, split for
video and theme.

Figure 3. Descriptive plot with error bars of the EI, split for the video (M = The Myth, R = Rewind)
and the theme (Nt = Nature, Pr = Product, Prd = Production, Tr = Territoriality). The vertical axis is
expressed as unit-less z-scores.

Table 3. Descriptive statistics (M = mean, SD = standard deviation, n = number) of the EI, split for
the video (M = The Myth, R = Rewind) and theme (Nt = Nature, Pr = Product, Prd = Production,
Tr = Territoriality). All values are expressed as unitless z-scores.

Theme Video M SD n

Nt M 0.005 0.178 16
R −0.255 0.345 17

Pr M −0.124 0.129 16
R −0.272 0.352 17
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Table 3. Cont.

Theme Video M SD n

Prd M 0.085 0.224 16
R −0.295 0.286 17

Tr M −0.084 0.273 16
R −0.280 0.581 17

4. Discussion

In this study, we investigated the role of emotional sequence in the communication of
traditional cheeses from Southern Italy. For this purpose, we compared several physiologi-
cal indices (AWI, MI, HR and EI) of two groups of participants during the vision of two
video commercials. The first group watched a video (R) mainly characterised by a positive
emotional tone, with sequences focused on the product quality and the traditionality of
production processes. The second group watched a video (M) characterised by initial nega-
tive emotions, elicited by sequences showing the consequences of losing contact with the
territory and traditions, followed by positive emotions, obtained by showing the positive
consequences of regaining contact with the traditions and the territory. The videos were
segmented by two individual raters into four narrative themes (Nt, Pr, Prd and Tr), and
the physiological indices were averaged across the duration of each theme. We advanced
six research hypotheses (H1–H6) that compared several metrics (AWI, MI, HR and EI)
across both the Video and the Video × Theme dimensions, as summarised in the following
Table 4.

Table 4. Summary of the six research hypotheses H1–H6 that compared AWI, MI, HR and EI metrics
across both the Video (M = The Myth, R = Rewind) and the Video × Theme (Nt = Nature, Pr = Product,
Prd = Production, Tr = Territoriality) dimensions. The direction of the expected differences is also
provided, alongside the associated significant p-values (n.s. stands for not-significant). The fully or
partially confirmed hypotheses are marked as, † and *, respectively.

Research Hypothesis Metric Direction p-Value

H1 * AWI M > R n.s.
HR M > R 0.045
EI M > R 0.009

H2 AWI NtM > NtR n.s.
PrdM > PrdR n.s.

TrM > TrR n.s.
HR NtM > NtR n.s.

PrdM > PrdR n.s.
TrM > TrR n.s.

EI NtM > NtR n.s.
PrdM > PrdR n.s.

TrM > TrR n.s.
H3 AWI PrM > PrR n.s.

HR PrM > PrR n.s.
EI PrM > PrR n.s.

H4 † MI M > R 0.025
H5 * MI NtM > NtR n.s.

PrdM > PrdR n.s.
TrM > TrR 0.001

H6 MI PrM > PrR n.s.

The Video M showed, overall, greater EI and HR than R, while AWI did not show any
significant difference. This partially supports the research hypothesis H1, which assumed a
greater emotional reaction in the emotional sequence. The AWI results must not be read as
a contradiction to those of EI and HR for at least two reasons. First, despite the fact that
EI, HR and AWI can be associated with the same psychological construct of the emotional
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valence, they belong to different divisions of the nervous system: the autonomous nervous
system (ANS) for EI and HR, and the central nervous system (CNS) for the AWI [53]. It was
shown that these sub-systems are non-linearly related, and the degree of their coupling
linearly depends on other factors, such as the levels of arousal of the emotionally-relevant
stimuli [84]. Since the storytelling and the framing of the videos were not designed to elicit
high levels of arousal, a low coupling between the ANS and CNS measures is expected.
Second, some studies have questioned the appropriateness of the AWI as a measure of
emotional valence [85]. Despite the fact that people are generally attracted to what elicits
positive emotions and tend to turn away from what elicits negative emotions, it is also
true that not all negative emotions cause a turning-away reaction. Anger, for example,
despite being a negative emotion, generates an instinctive approach response [86]. Within
the negative emotions of Video M, it is likely to expect the presence of anger, especially in
the sequences related to the men’s loss of contact with territories and traditions, as well as
to the Godhead’s punishment. The insignificant main effect of the Video could be, thus,
due to the comparison of two positive AWI values, one associated with positive emotions
and the other with anger.

The differences between M and R on EI, HR and AWI values related to Tr, Prd, Pr
and Nt themes did not reach statistical significance, not supporting H2 or H3. A possible
explanation could be related to the difference in the storytelling between the two videos
that, according to past studies [87,88], has a strong role in mediating and/or moderating
the emotional content of the video commercials. In statistical terms, the storytelling may
have played the role of a confounding factor in decreasing the effect size associated with
the interactions, leading to non-significant differences across the themes. This should
be verified with a future confirmatory study based on stimuli with fixed storytelling but
variable emotional sequence.

Compared to R, M showed an overall significantly greater MI, fully supporting H4,
which assumed a different impact of the videos on the salience and, thus, the memory
encoding. This is in line with previous researches on charity advertising that underlined
the role of the emotion sequences in enhancing the overall salience [20,21]. Salience, in turn,
plays a key role in the memorisation process: it was shown that maximal-saliency stimuli
are associated with a greater recollection probability, and they facilitate access to memory
representation at retrieval [89].

The M video showed a significantly greater MI than R only for the Tr theme, only
partially supporting H5, which assumed greater memorisation of Nt, Prd and Tr themes
in M. For the Pr theme, MI did not show a significant difference between M and R: this
did not support H6, which assumed a greater memorisation in Video M. Similarly to
what was discussed with H2 and H3, the different storytelling could have played a con-
founding role since, according to past studies [87,90], it also has a strong impact on the
memorisation processes.

There is a chance that some research hypotheses have been rejected due to the charac-
teristics of the sample, rather than the feature of the videos. In fact, it has been shown that
gender and age play a significant role in emotional evaluation [91] and episodic memory
recall [92]. A confirmatory study based on a four-way mixed ANOVA design with gender
and age as additional between-subject factors is suggested to verify this supposition.

It is worth mentioning the limitations of the present study. We evaluated two videos
that had never previously aired since they were shot specifically for this study. Addition-
ally, the two creative contents differed not only in the emotional sequence but also in the
storytelling and the framing. At the same time, this allowed us to investigate a situation
very similar to what happens outside of laboratory contexts: consortiums for the protection
of territorial products (or, in general, companies) rarely have to choose between creative
proposals that differ in single separable variables; more often, they receive different propos-
als from several advertising agencies, and they need to choose those that have the highest
probability of being remembered and generating functional emotions for the enhancement
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of their products. Although there are many practical implications of our approach, further
basic research is needed for stronger support of our findings.

5. Conclusions

In this study, we compared two video commercials of traditional cheeses from South-
ern Italy using a neuromarketing approach in order to highlight the most effective one in
terms of emotion and memorisation. Despite the fact that both the videos were composed of
the same four narrative themes (i.e., territory, product, production techniques and natural
landscapes), they differed in the emotional sequence: the first one was mainly characterised
by a positive emotional tone, while the second one was characterised by an initial negative
tone that turns to positive in the end. We found that the second video generates a better
emotional reaction and memorisation than the first one. This is in line with the literature
on charity advertising that showed how the negative–positive emotional sequence can
boost the overall emotional perception and memorisation. Significant differences, however,
emerged only when considering the videos as a whole and not when we compared individ-
ual themes, probably due to the difference in storytelling or in the personal characteristics
of the sample. A future confirmatory study should verify these assumptions by fixing the
storytelling while varying the emotional sequence, as well as taking into account gender
and age as additional grouping factors. However, our results provide useful insights for
those stakeholders who are engaged in the promotion of traditional agri-food products,
especially small local realities, helping them to optimise investments and reduce the gap
with the big food corporations. Effective communication should place emphasis on how
the purchase of these products provides solutions to specific issues, rather than simply
exalting the goodness of the products and the benefits associated with their consumption.

Author Contributions: Conceptualisation, V.R., M.B. (Marco Bilucaglia), R.C. and G.L.; data curation,
M.B. (Marco Bilucaglia); formal analysis, M.B. (Marco Bilucaglia), R.C., R.V. and R.L.; funding acquisi-
tion, V.R. and G.L.; investigation, M.B. (Mara Bellati) and R.V.; methodology, M.B. (Marco Bilucaglia),
R.C., M.B. (Mara Bellati) and M.Z.; project administration, M.B. (Mara Bellati); resources, V.R. and G.L.;
software, M.B. (Marco Bilucaglia) and R.L.; supervision, V.R., G.L. and M.Z.; validation, R.V.; visualisa-
tion, M.B. (Marco Bilucaglia) and R.C.; writing—original draft, V.R., M.B. (Marco Bilucaglia), R.C., M.B.
(Mara Bellati), R.V., R.L., G.L. and M.Z.; writing—review and editing, V.R., M.B. (Marco Bilucaglia),
R.C. and M.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This study was developed within the project “Development of a synergy model aimed to
qualify and valorize the Natural Historic Cheese of southern Italy in the Sicilian, Sardinia, Calabria,
Basilicata, and Campania regions—Canestrum Casei”, funded by “Progetto AGER—Agroalimentare
e Ricerca 2” (RIF. 2017-1144).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Università IULM.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data are available upon request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Appendix A. Video Description

Appendix A.1. Rewind

The video starts with a girl receiving a postal package that contains traditional cheeses
from Southern Italy. The girl is shown so excited while unwrapping it that she decides
to eat one of the products. At the moment of tasting, a scene change takes place, and the
entire production process is shown in reverse (hence, the name Rewind), that is, from
the end product to the raw materials. The main video sequences include the landscapes
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of Southern Italy, the animals grazing freely, the cow milking and the detailed cheese
production phases—from the milk curdling to the cheese seasoning and marking.

Appendix A.2. The Myth

The video starts with a voice-over narrating a legend (hence, the name The Myth). The
Godhead gifted the human beings a harmonious and clean planet, the Hearth. Humans
soon started harnessing nature, dealing with disastrous consequences. Several images
of fires, natural landscapes polluted by garbage heaps and melting glaciers are shown.
Displeased by their behaviour, the Godhead decides to punish them by erasing their
memories. Five great sages decide to redeem humankind by starting the production of
local cheeses using traditional techniques as a way to live in harmony with nature and
preserve memories. Therefore, several images of natural landscapes, pictures of ancient
villages in Southern Italy, animals grazing in pristine areas and cheeses produced with
traditional techniques are shown.
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Abstract: Based on the realistic concerns about the improvement of the quality of agricultural foods
(agri-foods), the optimal supply quality and price subsidy strategies of producers and sellers for the
two-level agricultural supply chain, composed of a producer and a seller, are studied. The differences
in the quality safety, price, and market demand of agri-foods in the supply chain are compared and
analyzed. The study found that the maximum profit of supply chain participants decreases with the
increase of price elasticity of demand. When the quality of agri-foods is upgraded in a producer-led
manner, the quality of agri-foods in the supply chain does not undergo substantial improvement,
and the maximum profit of agri-foods operators is insensitive to the price elasticity of demand at
this time. When the seller-led quality upgrading is launched, the maximum profit of the producer
decreases with the increase of the quality elasticity of demand, the maximum profit of the seller
increases with the increase of the quality elasticity of demand, and the total profit of the supply chain
also increases with the increase of the quality elasticity of demand under the centralized decision
situation. The quality and safety of agri-foods as well as the overall profit of the supply chain can
be improved most effectively under the centralized control decision with the goal of maximizing
the supply chain benefits. In terms of quality and price, quality improvement actions of agri-foods
driven by supply-side producers are less effective than those driven by demand-side consumption.
In addition, cost-sharing contracts can significantly improve the quality of agri-foods in the supply
chain and make them more “high-quality and low-price” than before the adoption of cost-sharing
contracts.

Keywords: agri-food supply chain; quality safety; price compensation; market demand; cost-
sharing contracts

1. Introduction

For a long time, the phenomenon that agricultural foods (agri-foods) with good quality
do not sell at a good price is common, and the main reason for this is the credence property
of agricultural products [1]. Farmers need to invest more in quality to get high-quality
agri-foods compared with ordinary produce. However, the quality of the produce cannot
be easily identified by consumers. Due to asymmetric information, consumers are not
willing to pay high prices for high-quality produces [2]. As a result, agricultural producers
often lack the motivation to improve the quality of agri-foods, leading to the prevalence of
homogeneous “big-ticket” products in the field of agricultural supply [3].

With the development of economy and society, consumers’ income level and con-
sciousness of food safety are rising, and the consumption demand for agricultural produce
is gradually changing from concern for supply quantity to supply quality and diversity [4].
Further, the consumers’ demand for premium quality agri-foods is increasingly strong,
which has driven more and more participants in the agricultural supply chain to increase
investment for the improvement of agri-foods quality. Some measures such as establishing
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production standard systems and adopting clean production technologies are used. After
taking the quality improvement actions, agricultural operators apply for pollution-free,
green, or organic certification as a way to increase the premium price of their produce and
build agricultural brands. This information is ultimately passed on to the consumer in
the form of labels on the produce [5–7]. Nowadays, in the field of practice, this quality
improvement measure has been launched either by agricultural producers on their own
initiative or by sellers who induce agricultural producers to improve their quality inputs in
the form of high-price subscriptions [8]. However, there is still no relevant theory to guide
the practice of which model is better. Therefore, which way is more beneficial to achieve
quality and price of agri-foods? How do the participants in the agricultural supply chain
make quality improvement and price subsidy decisions? Additionally, can appropriate
contracts be designed to encourage producers and sellers to increase their investment in
agricultural quality improvement actions? With these questions, we conducted this study.

2. Literature Review

2.1. The Improvement Strategy of Product Quality

A review of the literature revealed that how to improve product quality to enhance
market competitiveness has been a hot research topic in business operation management.
For example, Li et al. studied the supplier’s product upgrade strategies considering con-
sumers’ strategic behavior [9]. Chen et al. studied the joint pricing and quality decision
problems in a dual-channel supply chain [10]. Li et al. studied pricing and quality compe-
tition issues under brand differentiation [11]. These studies focus on consumer reactions
to product quality upgrades in a highly competitive context. Unlike general products, the
problem of structural imbalance on the supply side of agricultural produce has existed for
many years. In other words, the oversupply of general mass agri-foods and the undersup-
ply of high-quality agri-foods coexist. In addition, agricultural producers are mostly in a
disadvantaged position, operating at low profit. Under the urgent call of consumers for
high-quality and safe agri-foods, even if they make quality improvement behaviors, they
need the supply chain to bear the cost of quality improvement inputs and put produce into
the market with high quality and competitive price. Otherwise, the agricultural supply
chain lacks the incentive for quality improvement. Although scholars also pay attention to
the quality improvement of agricultural products, they mainly focus on the quality grad-
ing [12,13], quality and safety regulation [14], and related behaviors affecting the quality
and safety of agricultural produce [15]. Moreover, data surveys and empirical tests are
mainly used [16,17], which cannot effectively predict the long-term impact of agri-foods
quality upgrading.

2.2. Game Study on Product Price and Demand

In terms of supply chain games considering price and demand, Abad [18] constructed
a demand–price-sensitive supply chain coordination model and finally obtained a method
to achieve the optimal strategy when buyers and sellers cooperate. Sajadi et al. discussed
the issue of supply chain coordination when market demand is influenced by factors such
as the size of the retailer’s effort to develop the market and the retail price [19]. Chan and
Dai et al. discussed the problems of optimal order lot size and optimal order lead time for
achieving maximum profit in the supply chain in a cooperative game, respectively [20,21].
Mir Mehdi et al. constructed non-cooperative game models, such as the Nash game and the
Stackelberg game, as well as a cooperative game model to study a two-level supply chain
game problem in which demand is influenced by advertising and price [22]. Zhao et al.
constructed an option contract model to solve the conflict of interest in the supply chain [23].
Leng et al. used the Nash and Stackelberg game model to study the multi-supplier but
single-retailer supply chain coordination problem for short life-cycle products [24]. Esmaeili
et al. studied the supply chain game problem when demand is dependent on price and
marketing costs [25]. In general, the means and game methods of supply chain coordination
under different conditions have been studied extensively and thoroughly, but not much
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research has been conducted on quality and safety levels of agri-foods and corresponding
price compensation mechanisms. For instance, Ren et al. studied the performance of food
safety management systems of Chinese food business operators [26]. Jacques et al. [27]
discussed the quality and safety standards in the food industry. Though the quality of agri-
foods is noticed, there is no mention of subsidies for the implementors of the agricultural
produce improvement initiative, making it difficult to provide targeted guidance for quality
improvement and cost–price compensation in agricultural supply chains. Therefore, we
conducted the present study based on our previous research on the quality [2] and price
compensation [28] mechanisms of agricultural produce.

2.3. Influences after the Improvement of the Agri-Food Quality

Some other researchers discussed the influence of the foods label that reflects the
quality of produce. Messer et al. proposed that labeling produce can have both good and
ugly effects [5]. The good effects include that the labeling of quality can reduce information
asymmetry, and the ugly effects includes that the labeling and certifying process may
be costly, which leads to reduced demand for high-quality agricultural produces. Aftab
et al. analyzed the impact of rising food prices on consumer welfare in the most populous
countries of South Asia and found that consumer welfare declines in all countries mainly
for cereals and milk, as these food items are relatively less elastic to price fluctuations [29].
The labeling process and price increases associated with improved quality of agricultural
produce will undoubtedly have an impact on social welfare and other stakeholders. How-
ever, this is not the focus of this paper. Different from these articles, we only focused on
the quality improvement action though it is a key part of the produce before it is labeled.
In addition, the quality improvement studied in this article is voluntary and endogenous,
proposed by the participants of the agricultural supply chain. As a result, in order to focus
more on the research topic, we will not discuss at great length the social impact of quality
improvement actions.

Above all, compared to existing research, the novelty of our work is as follows: The
“quality safety factor” and “price compensation factor” are introduced into the linear
inverse demand function of agricultural produce for the first time. By constructing three
different game models under decentralized and centralized decision-making situations,
the optimal strategy for upgrading the quality of agricultural produce is analyzed, and
a cost-sharing contract is designed to coordinate the supply chain. In this way, some
theoretical reference is provided for the participants in the agricultural supply chain when
making decisions about the quality improvement input and price compensation.

3. Materials and Methods

3.1. Problem Description

A two-level agricultural supply chain consisting of a risk-neutral agri-foods producer
and a risk-neutral agri-foods seller is studied in this paper. Prior to the marketing season,
the seller orders q quantities of common produce from the produce producer at a price of p0.
However, considering that market demand is influenced by both the quality level and retail
price of agricultural produce, and more and more consumers prefer green and organic agri-
foods, the “Agricultural Produce Quality and Safety Enhancement Initiative” is proposed
for the agricultural supply chain. This initiative aims at encouraging agricultural producers
to increase quality inputs to improve the quality of agri-foods. Thus, the agricultural
produce is as follows:

(1) In order to respond to the quality and safety enhancement initiative, the agricultural
producer needs to increase the quality inputs, such as upgrading production technol-
ogy level, improving production management methods, etc. Referring to the study
of Jiang [30], the research and development inputs for producing green products
have a quadratic relationship with the greenness of the products. Therefore, it is
assumed that the relationship between quality inputs u and quality safety degree g in
agricultural production is u = 1

2 zg2, where z is the production influence factor.
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(2) When the quality improvement action is promoted, the agricultural producer will
raise the price to maintain his own interests according to the input costs of quality
improvement. At this point, the selling price of the producer is w = (1 + α )w0, where
α is the price compensation coefficient after quality inputs. In order to encourage
quality improvement and maintain profits, the agri-foods seller will also raise prices
accordingly. To simplify the model, it can be assumed that the seller of agricultural
produce raises prices by the same amount as the producer, and at this time, the selling
price of the seller is p = (1 + α )p0.

(3) Although the seller of agricultural produce determines the basic market demand q
based on past experience and order from the producer, natural losses such as bumping
and spoilage cannot be avoided in the actual transportation and sales process due to
the perishable nature of agri-foods. Thus, it is assumed that the actual market demand
is d (d < q); i.e., the single-order quantity of the seller is greater than the actual market
demand. Since agri-foods are perishable, it is assumed that all agri-foods unsold are
lost and no longer converted into value.

(4) Assume that the actual market demand d is positively related to the basic market
demand q and the quality safety degree g and negatively related to the retail price p.
Referring to the linear inverse demand function, let d = q − b(1 + α )p0 + kg, where
b is the sensitivity coefficient of consumers to the price of agri-foods, and k is the
sensitivity coefficient of consumers to the quality of agri-foods. Obviously, the higher
the product quality is, the lower the price is, and the more consumers prefer to buy
such produce. This assumption is in line with the reality.

3.2. Notation

Based on the problem description and assumptions above, the notations used in this
study are described in Table 1 below.

Table 1. The description of the notations.

Notations Descriptions

πn Profit for the agricultural producer
πs Profit for the agricultural foods seller
πns Overall profitability of the agricultural supply chain

q Basic market demand, i.e., the order quantity determined by the seller
based on previous years’ sales

d Actual market demand, i.e., the amount of produce ultimately sold by
the seller

p0
Selling price of produce per unit for the seller before the quality

improvement initiative

w0
Selling price of produce per unit for the producer before the quality

improvement initiative
cn Production cost per unit of agricultural produce
cs Cost of sales per unit of agricultural foods

u Quality improvement inputs, i.e., the unit cost paid by producers to
improve the quality of agricultural produce

g Quality safety degree
α Price compensation factor after quality inputs

k Sensitivity coefficient of consumers to the quality of agricultural
produce, i.e., quality elasticity of demand

b Sensitivity coefficient of consumers to the price of agricultural produce,
i.e., price elasticity of demand

z Production impact factor
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4. Model Construction and Solving

4.1. Decentralized Decision Model

According to the above assumptions, the profit function of agricultural producer after
implementing quality improvement actions is

πn = q
(
(1 + α)w0 − cn − 1

2
zg2

)
, (1)

The profit function of the agricultural produce seller is

πs = p0(1 + α)(q − bp0(1 + α) + kg)− q((1 + α)w0 + cs), (2)

Proposition 1. There exists a quality safety degree g that maximizes the profit of the agricultural
producer and a level of price subsidy α that maximizes the profit of the agri-foods seller.

Proof. The profit function πn is as follows:

πn = q
[
(1 + α)w0 − cn − 1

2
zg2

]

The partial derivative of πn with respect to g yields ∂πn
∂g = −qzg �= 0, ∂2πn

∂2g = −qz < 0,
(q > 0, z > 0). Therefore, πn is a strictly concave function on g; i.e., there exists a maximum
value of the profit function πn. �

The profit function πs is as follows:

πs = p0(1 + α)(q − bp0(1 + α) + kg)− q((1 + α)w0 + cs)

The partial derivative of πs with respect to α yields ∂πs
∂α = −2(1 + α)bp0

2 + (kg + q)p0

− qw0 �= 0, ∂2πs
∂2α

= −bp0
2 < 0. Therefore, πs is a strictly concave function on α; i.e., there

exists a maximum value of the profit function πs.

(1) Producer-led Model (Model 1)

In this case, the producer is the leader of the supply chain, and the seller is the follower,
such as the family farm-dominated or cooperative-dominated agricultural supply chain.
Hence, this is a Stackelberg game model dominated by agricultural producer. In this model,
the producer determines the quality input u (or quality safety degree g), and then, the seller
chooses the optimal price compensation factor α∗ based on the producer’s input, and the
backward induction method is applied to solve the model.

When ∂πn
∂g = −qzg = 0, the optimal quality safety degree can be obtained as follows:

g∗1 = 0, (3)

Substitute g∗1 into Equation (1); when ∂πs
∂α = p0q − 2bp0

2α − 2bp0
2 − qw0 = 0, the

optimal price subsidy factor can be obtained as follows:

α∗1 =
q(p0 − w0)

2bp2
0

− 1, (4)

Obviously, the agricultural producer as the leader lacks the incentive to improve
the quality in this case, but the seller still provides price subsidies due to information
asymmetry. The market demand is d∗1 = q(p0+w0)

2p0
. Substituting Equations (3) and (4) into
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Equations (1) and (2), the optimal profit of the agricultural producer and the optimal profit
of the agri-foods seller are obtained as follows:

π1∗
n =

q2(p0 − w0)w0

2bp2
0

− qcn

π1∗
s =

q2 p2
0 − 2q2 p0w0 + q2w2

0
4bp2

0
− qcs

Proposition 2. When decentralized decision making is dominated by the agricultural producer, the
maximum profit of both producer and seller decreases with the increase of price elasticity of consumer
demand, and the maximum profit of the agricultural seller increases as the retail price per unit of
produce increases. When p0 < 2w0, the maximum profit of the agricultural producer increases
with the increase of the retail price per unit of agricultural produce. Likewise, when p0 > 2w0, the
maximum profit of the agricultural producer decreases with the increase of the retail price per unit of
agri-foods.

Proof. From the equations ∂π1∗
n

∂b = − (p0−w0)w0q2

2p2
0b2 < 0, ∂π1∗

s
∂b = − (p0−w0)

2q2

4p2
0b2 < 0, and

∂π1∗
s

∂p0
= (p0−w0)w0q2

2p3
0b

> 0, it can be obtained that π1∗
n , π1∗

s are negatively correlated with b,

while π1∗
s is positively correlated with p0. When p0 < 2w0, ∂π1∗

n
∂p0

> 0 can be known, and

otherwise, ∂π1∗
n

∂p0
< 0. �

Proposition 2 shows that the maximum profit of agricultural supply chain participants
is closely related to the level of economic and social development and the consumption
environment. When the income level of consumers is low (high price elasticity of demand),
the profit of agricultural operators is also slimmer. The higher the price of the produce
before quality improvement, the higher the profit for the produce seller to participate in
quality improvement. While the profit of agricultural producers is mainly influenced by
the level of their price appreciation in the supply chain before quality improvement, if the
retail price of agri-foods exceeds the wholesale price by more than two times, the lower the
retail price of agri-foods before the implementation of quality improvement actions, and
the greater the producer’s profit.

(2) Seller-led Model (Model 2)

In this case, the seller of agri-foods is the leader of the supply chain, while the producer
is the follower, such as the “company + farmer” type of agricultural supply chain. Therefore,
this is a Stackelberg game model dominated by agricultural seller. The price subsidy
coefficient α is determined by the seller of agri-foods firstly, and then, the ideal quality
safety degree g∗ and the optimal quality input level are determined by the producer
according to α, and the backward induction method is also used to solve the model.

When ∂πs
∂α = p0q+ p0kg− 2bp0

2α− 2bp0
2 − qw0 = 0, the optimal price subsidy system

can be obtained as follows: α∗2(g) = p0q+kgp0−w0q
2bp2

0
− 1. Substitute α∗2(g) into Equation (2);

when ∂πn
∂g = kw0

2bp0
− zg = 0, the optimal quality safety degree can be obtained as follows:

g∗2 =
kw0

2zbp0
, (5)

Substitute Equation (5) into the optimal response function α∗2(g) of the produce seller,
and then, obtain the optimal price subsidy level for the quality improvement of agri-foods
as follows:

α∗2 =
qzb(p0 − w0) + 0.5k2w0

2zb2 p2
0

− 1, (6)
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Thus, the actual market demand is d∗2 = qzb(p0+w0)+0.5k2w0
2zbp0

. Based on this, substituting
Equations (5) and (6) into Equations (1) and (2), the optimal profit of the agricultural
producer and the optimal profit of the agricultural seller are obtained as follows:

π2∗
n =

(
bqzp0w0 − qzbw2

0 − 0.25k2w2
0
)
q

2zb2 p2
0

− qcn

π2∗
s =

q2z2(p0 − w0)
2b2 + k2qzbw0(p0 − w0) + 0.25k4w2

0
4z2b3 p2

0
− qcs

Proposition 3. When decentralized decision making is dominated by sellers of agri-foods, the maxi-
mum profit of both agricultural producer and seller decreases with the increase of production impact
factor z. The maximum profit of agricultural producer decreases as the quality elasticity of demand
increases, and the price elasticity of demand decreases. The maximum profit of agricultural seller
increases as the quality elasticity of demand increases, and the price elasticity of demand decreases.

Proof. From the equations ∂π2∗
n

∂k = − qkw2
0

4zp2
0b2 < 0, ∂π2∗

n
∂z = − qk2w2

0
8z2 p2

0b2 < 0, and

∂π2∗
n

∂b = − q2zbw0(w0−p0)−0.25qk2w2
0

2zp2
0b3 > 0, it can be obtained that π2∗

n is negatively correlated

with k and z and positively correlated with b. Additionally, π2∗
s is positively correlated with

k and negatively correlated with z, and b can be known due to
∂π2∗

s
∂k =

kqzbw0(p0−w0)+0.5w2
0k3

2z2 p2
0b3 > 0, ∂π2∗

s
∂z = − k2w0(qbz(p0−w0)+0.5k2w0)

4z3 p2
0b3 < 0, and

∂π2∗
s

∂b =
−q2z2b2(p0−w0)

2−2qzbk2w0(p0−w0)−0.75k4w2
0

4z2 p2
0b4 < 0. �

Proposition 3 shows that the greater the quality elasticity of consumer demand, the
less price sensitive consumers are; and the smaller the quality inputs required to improve
the quality and safety of agricultural products, the greater the maximum profit for agri-
cultural sellers is. When consumers pay more attention to quality, the supply chain profit
distribution will be more unfavorable to producers, which will then force the producer to
improve quality input, and the producer’s cost increases, and the profit decreases in a short
period of time.

4.2. Centralized Decision Model (Model 3)

In this case, self-interest maximization is no longer the decision-making goal of the
participants of agricultural supply chain. Instead, centralized decision making is made
through win-win cooperation to maximize the overall interests of the supply chain. At this
time, the total profit function of the agricultural supply chain is:

πns = p0(1 + α)(q − bp0(1 + α) + kg)− q((1 + α)w0 + cs) + q((1 + α)w0 − cn − 1
2

zg2)

Proposition 4. When 2bqz − k2 > 0, πns is concave in α and g. In this case, the overall profit
function of the supply chain has a maximum value.

Proof. The Hessian matrix of πns is

∣∣∣∣∣∣
∂2πns

∂2g
∂2πns
∂α∂g

∂2πns
∂g∂α
∂2πns

∂2α

∣∣∣∣∣∣ =
∣∣∣∣−qz

kp0

kp0
−2bp2

0

∣∣∣∣ = (
2bqz − k2)p2

0. When

2bqz − k2 > 0, conditions
(
2bqz − k2)p2

0 > 0 and −qz < 0 can be satisfied, so the Hessian
matrix is negative definite. The profit function πns is a joint concave function with respect
to the price subsidy coefficient α and the quality safety degree g. Hence, there exists optimal
solutions α∗3 and g∗3 to maximize the profit function. �

49



Foods 2022, 11, 1761

By combining the equations ∂πns
∂α = p0q + p0kg − 2bp2

0 − 2bp2
0 α = 0 and

dπns
dg = p0k + p0kα − qzg = 0, the optimal price subsidy coefficient and quality safety

degree are obtained as follows:

α∗3 =
zq2

p0(2bqz − k2)
− 1

g∗3 =
qk

2bqz − k2

At this point, the actual market demand is d∗3 = bzq2

2bqz−k2 . The maximum profit of the
agricultural supply chain under centralized decision making is

πns
∗ = 0.5zq3

2bqz − k2 − (cs + cn)q

Proposition 5. In the centralized model, the overall profit of the agricultural supply chain increases
with the increase of the quality elasticity of demand k and decreases with the increase of the price
elasticity of demand b and the production impact factor z. That is, when consumers are more
concerned about quality and less concerned about price, and the smaller the cost of quality inputs
required by agricultural producers to implement quality improvement actions, the greater the overall
profitability of the supply chain.

Proof. Due to ∂πns
∗

∂b = − q4z2

(2qzbp0−k2)
2 < 0, ∂πns

∗
∂k = kzq3

(2qzb−k2)
2 > 0, and ∂πns

∗
∂z = − 0.5k2q3

(2qzb−k2)
2 < 0,

πns
∗ is positively correlated with k and negatively correlated with b and z. �

4.3. Comparison and Analysis

According to the calculation results above, summarizing the quality improvement
and price subsidy decisions of the agricultural supply chain participants as well as the
corresponding changes in market demand, Table 2 can be obtained below.

Table 2. Comparison of the three game models.

Variables Model 1 Model 2 Model 3

α∗ q(p0−w0)
2bp2

0
− 1 qzb(p0−w0)+0.5k2w0

2zb2 p2
0

− 1 zq2

p0(2bqz−k2)
− 1

g∗ 0 kw0
2zbp0

qk
2bqz−k2

d∗ q(p0+w0)
2p0

qzb(p0+w0)+0.5k2w0
2zbp0

bzq2

2bqz−k2

π∗
n

q2(p0−w0)w0

2bp2
0

− qcn
(bqzp0w0−qzbw2

0−0.25k2w2
0)q

2zb2 p2
0

− qcn

π∗
s

q2(p0−w0)
2

4bp2
0

− qcs
q2z2(p0−w0)

2b2+k2qzbw0(p0−w0)+0.25k
4z2b3 p2

0
− qcs

π∗
ns

0.5zq3

2bqz−k2 − (cs + cn)q

The following prerequisites can be derived from the results in Table 2:

(1) From α1
∗ = q(p0−w0)

2bp2
0

− 1 > 0, q (p0 − w0) > 2bp2
0 can be easily obtained.

(2) From α3
∗ = zq2

p0(2bqz−k2)
− 1 > 0 and g3

∗ = qk
2bqz−k2 > 0, 2bqz > k2 > 2bqz − zq2

p0
can

be obtained.

Based on the discussion above, the following propositions can be known:

Proposition 6. The quality of agri-foods in the centralized decision model is higher than that in
the decentralized model when the participants of the agricultural supply chain make decisions to
maximize the profit of the supply chain. In addition, the quality of agri-foods is higher when the
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seller is the leader than in the producer-led case. That is, the best quality safety degree satisfies
g1

∗ < g2
∗ < g3

∗.

Proof. Due to g2
∗ = kw0

2zbp0
, and since k, w0, z, b, p0 are positive, g2

∗ > g1
∗ = 0 is satisfied.

Again, due to g3
∗ = qk

2bqz−k2 , for g3
∗ > g2

∗ to be true, condition 2bqzk(p0 − w0) + k3w0 > 0
should be satisfied. Since the selling price is greater than the buying price, i.e., p0 − w0 > 0,
and k, w0 are positive, g3

∗ > g2
∗ can be known. That is, g1

∗ < g2
∗ < g3

∗ is proven. �

Proposition 7. In general, the optimal price compensation factor satisfies α1
∗ < α2

∗ and α1
∗ < α3

∗.

Proof. Due to α1
∗ = q(p0−w0)

2bp2
0

− 1 and α2
∗ = qzb(p0−w0)+0.5k2w0

2zb2 p2
0

− 1, it can be obtained

that α2
∗ − α1

∗ = w0k2

4zb2 p2
0
> 0. That is, α1

∗ < α2
∗. Again, due to α3

∗ = zq2

p0(2bqz−k2)
− 1,

for α1
∗ < α3

∗ to be true, condition k2(w0 − p0) < 2bzqw0 should be satisfied. Because
w0 − p0 < 0, i.e., k2(w0 − p0) < 0, as well as 2bzqw0 > 0, α1

∗ < α3
∗ can therefore

be proven. �

Proposition 7 shows that in this agricultural supply chain, the price compensation
factors both in the Stackelberg model dominated by sellers and the centralized decision
model are greater than those in the Stackelberg game model dominated by agricultural
producers. That is, in terms of quality and price, the quality improvement actions driven
by producers on the supply side are not as effective as the quality improvement actions
driven by consumption on the demand side.

Corollary 1. When the initial price of agri-foods p0 > k2

4b2z , the price appreciation of agri-foods
satisfies α1

∗ < α2
∗ < α3

∗.

Proof. For α3
∗ > α2

∗ to be true, condition zq2

p0(2bqz−k2)
> qzb(p0−w0)+0.5k2w0

2zb2 p2
0

should be

satisfied, which is equivalent to proving that

0.5k2w0

(
2bqz − k2

)
− 2z2b2q2w0 + bqzk2(w0 − p0) < 0 (7)

Firstly, bqzk2(w0 − p0) < 0 can be easily known, so to prove (7) is true, that is,
the proof of 0.5k2w0

(
2bqz − k2) − 2z2b2q2w0 < 0 is satisfied. Secondly, it is clear from

the precondition that zq2

p0
> 2bqz − k2, so to prove 0.5k2w0

(
2bqz − k2) − 2z2b2q2w0 <

0.5k2w0
zq2

p0
− 2z2b2q2w0 is as same as to prove zq2k2w0 − 4z2b2q2 p0w0 < 0, that is, to prove

that zw0q2(k2 − 4zb2 p0
)
< 0, which means p0 > k2

4b2z . Hence, when p0 > k2

4b2z is satisfied,
α2

∗ < α3
∗ is true, and α1

∗ < α2
∗ < α3

∗ can be obtained finally. �

Corollary 1 shows that the price compensation factor in the centralized decision model
is greater than the price compensation factor under the decentralized decision model
dominated by sellers only when the market price of agri-foods is high, and the condition
p0 > k2

4b2z is met. Combined with Proposition 6, it can be seen that for high-priced agri-foods,
supply chain cooperation to improve the quality of agri-foods is most beneficial for price
appreciation, and the quality and price of agri-foods can be realized to the greatest extent.

Corollary 2. The actual market demand satisfies d2
∗ > d1

∗. When 0 < w0 < k2 p0
2bzq−k2 , d3

∗ > d1
∗,

and when w0 > k2 p0
2bzq−k2 , d3

∗ < d1
∗. When 0 < w0 < 2bzqk2 p0

4b2z2q2−k4 , d3
∗ > d2

∗, and when

w0 > k2 p0
2bzq−k2 , d3

∗ < d2
∗.
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Proof. Due to d1
∗ = q(p0+w0)

2p0
and d2

∗ = qzb(p0+w0)+0.5k2w0
2zbp0

, d2
∗ − d1

∗ = w0k2

4zbp0
> 0,

which means d2
∗ > d1

∗. Again, due to d3
∗ − d1

∗ = 0.5(w0+p0)qk2−bzq2w0
p0(2bzq−k2)

, 0.5(w0 + p0)qk2 −
bzq2w0 < 0 can be known, and then, d3

∗ < d1
∗ is obtained. Since the condition 0.5(w0 + p0)

qk2 − bzq2w0 < 0 is equivalent to w0 > k2 p0
2bzq−k2 , when 0 < w0 < k2 p0

2bzq−k2 , d3
∗ > d1

∗ can be

obtained, and when w0 > k2 p0
2bzq−k2 , d3

∗ < d1
∗ can be obtained. �

Similarly, from the equation d3
∗ − d2

∗ = 0.5bzqp0k2−b2z2q2w0+0.25w0k4

bzp0(2bzq−k2)
, 0.5bzqp0k2 −

b2z2q2w0 + 0.25w0k4 < 0 can be known, which proves d3
∗ < d2

∗. Since the condition

0.5bzqp0k2 − b2z2q2w0 + 0.25w0k4 < 0 is equivalent to w0 > 2bzqk2 p0
4b2z2q2−k4 , d3

∗ > d2
∗ can be

obtained when 0 < w0 < 2bzqk2 p0
4b2z2q2−k4 , and d3

∗ < d2
∗ can also be obtained when w0 > k2 p0

2bzq−k2 .
Corollary 2 shows that in case of decentralized models, a seller-led initiative to improve

the quality of agri-foods is more beneficial to increase actual market sales than a producer-
led one. The centralized decision is more favorable to increase the sales volume of agri-foods
when the agricultural producers sell to sellers with low unit price. Furthermore, the actual
market demand in the centralized model is less than that in the decentralized decision case
when the agricultural producers sell to sellers with high-value agri-foods.

5. Contract Coordination Strategy Based on Cost Sharing of Agricultural
Quality Improvement

According to the analysis above, the quality improvement of agri-foods driven by
the demand side is more effective. Based on this, referring to the cost-sharing contract
model of Yang et al. [31], it is assumed that agri-foods sellers are willing to share the quality
improvement cost at a ratio of β ∈ (0, 1), which incentivizes producers to increase inputs
on agri-food quality improvement. In the decentralized scenario dominated by sellers, the
profit functions of the agricultural producers and sellers are

πn = q
(
(1 + α)w0 − cn − (1 − β)

1
2

zg2
)

πs = p0(1 + α)(q − bp0(1 + α) + kg)− q
(
(1 + α)w0 + cs +

1
2

βzg2
)

Extending the solution method in Model 2, the optimal decisions and profits of
producers and sellers of agri-foods under cost-sharing contracts can be obtained as follows:

g∗d =
0.5kw0

(1 − β)zbp0

α∗d =
0.25k2w0

zb2 p02(1 − β)
− 1

At this point, the profits of the participants in the agricultural supply chain are:

πd∗
n =

0.5k2w0
2q

4zb2 p02(1 − β)
− qcn

πd∗
s =

((1 − β)p0 + (0.5β − 1)w0)w0k2qzb + 0.25w0
2k4

4b3 p02(1 − β)2z2
− qcs

Proposition 8. The effect of cost contract coordination strategy of this agricultural supply chain
depends on the original parameter. When 2qbzw0 = qbzp0 + 0.75w0k2, the optimal cost-sharing
coefficient β∗ can be obtained.
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Proof. The second-order derivative of πs
∗ with respect to β can be obtained as follows:

∂2πs
∗

∂2β
=

k2w0(−qbzβp0+qbzp0+0.5qbzβw0−2qbzw0+0.75w0k2)
2b3 p0

2(β−1)4z2 . Considering the numerator −qbzβp0 +

qbzp0 + 0.5qbzβw0 − 2qbzw0 + 0.75w0k2 as F(β), ∂′F(β)
∂′β = −0.5qbz(p0 − 0.5w0)w0k2 < 0

can thus be obtained easily, which indicates F(β) is a decreasing function about β ∈ (0, 1).
When β = 0, MaxF(0) = qbzp0 − 2qbzw0 + 0.75w0k2 can be known. When MaxF(0) = 0,
qbz(2w0 − p0) = 0.75w0k2 can be obtained. Obviously, when qbz(2w0 − p0) = 0.75w0k2

holds, if β > 0, then F(β) < F(0) = 0, at which point ∂2πs
∗

∂2β
< 0; i.e., there exists the optimal

cost-sharing coefficient that makes πs
∗ maximize. Moreover, β∗ = qbz(2p0−3w0)+k2w0

qzb(2p0−w0)
can be

obtained when ∂πs
∗

∂β = 0. �

Proposition 9. Compared to the decentralized model led by sellers, agri-foods in the supply chain
coordination model based on cost-sharing contracts are of higher quality and cheaper price under
specific conditions.

Proof. It isknownthat g∗−g∗2 = 0.5kβw0
zbp0(1−β)

> 0and α∗−α∗2 =
2zb2(1−β)p0

2−zbq(1−β)p0+zbqw0(1−β)+0.5k2w0β

2zb2p0
2(1−β)

.

Considering the numerator 2zb2(1 − β)p0
2 − zbq(1 − β)p0 + zbqw0(1 − β) + 0.5k2w0β as

γ(p0), γ(p0) is thus a parabola with an opening upward about p0. When p0 = q
4b , γ(p0) ob-

tains the minimum value Minγ(p0) = −0.0625(1 − β)zq2 + 0.5zbqw0(1 − β) + 0.25k2w0β.

Then, if Minγ(p0) ≥ 0, i.e., w0 ≥ 0.25zq2(1−β)
2zbq(1−β)+k2β

, α∗ ≥ α∗2 holds. Otherwise, when

0 < w0 < 0.25zq2(1−β)
2zbq(1−β)+k2β

, α∗ < α∗2 can be obtained. �

From the equations πd∗
n − π2∗

n =
(0.5k2w0(1−0.5β)+(qbzw0−qbzp0−0.5k2w0

2)(1−β))qw0

2(1−β)zb2 p0
2 and

πd∗
s − π2∗

s =
−(qzb(β−1)(w0−p0)−0.5βk2w0)

2
+0.5βk4w0

2

4z2b3 p0
2(β−1)2 , it can be seen that the positive or neg-

ative sign on the right side of the equation cannot be judged directly, which depends on
the value of the relevant parameters. Therefore, the basic cost-sharing contract cannot
significantly increase the profit of the participants.

Proposition 9 shows that the introduction of cost-sharing contracts based on the
decentralized decision model can significantly improve the quality of products in the
agricultural supply chain, and in most cases, the selling price of agricultural products
will not be higher than that before the introduction of cost-sharing contracts. At this time,
agri-foods in the supply chain based on cost-sharing contracts are of better quality and
cheaper price. However, it cannot significantly improve the profit of agricultural supply
chain participants.

6. Numerical Study

In this section, numerical examples are used to verify the above conclusions and carry
out sensitivity analysis on the parameters in the model.

6.1. Numerical Example

According to the research on the agricultural market, the transaction price of several
vegetables between cooperatives and supermarkets, the retail price of supermarkets, and
other costs incurred in the agricultural–supermarket interface were considered comprehen-
sively, and reasonable parameters q = 30, p0 = 5, w0 = 3, cn = 2, cs = 0.7, k = 1.2, b = 0.8,
and z = 0.2 were set. Based on the results of the theoretical analysis, the optimal values of
quality safety degree g∗, price subsidy level α∗, market demand d∗, and total profit πn

∗,
πs

∗, and πns
∗ of producers, sellers, and supply chain under different models are shown in

Table 3.
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Table 3. Comparison of the three game models.

Variables Model 1 Model 2 Model 3

α∗ 0.5 0.8 3.4
g∗ 0 2.3 4.4
d∗ 24 25.4 17.6
π∗

n 75 59.8
π∗

s 24 46.5
π∗

ns 99 105.3 249.9
Variables with * are the optimal variable values.

As can be seen from Table 3, under this set of parameters, compared with the producer-
dominated decentralized decision model, the quality of agri-foods is higher in the seller-
dominated decision model, and the price compensation factor is also higher. The market
sales volume does not change much. Although the profit of agricultural producers de-
creases slightly, the seller can obtain a higher profit, and the total profit of the supply
chain increases.

The results of the algorithm can verify the conclusion of the above proposition. Ob-
viously, the quality of agri-foods in the centralized model is the highest, followed by the
Stackelberg model dominated by sellers, and finally the model dominated by agricultural
producers. Although the actual market sales of centrally controlled cooperative game are
not necessarily higher than those of non-cooperative game, the agricultural supply chain
under the centralized game can still achieve more profits, i.e., the centralized decision
model with the goal of maximizing the overall profit of the supply chain is more conducive
to realizing the “quality and price” mechanism of agricultural supply.

6.2. Sensitivity Analysis

According to the assumptions above, b is the sensitivity of consumers to the price of
agri-foods, while k is the sensitivity of consumers to the quality of agri-foods. By analyzing
the sensitivity of b and k, the trend of the decision variables in the game model can be
explored when the key parameters change.

6.2.1. Sensitivity Analysis on Consumer Price Sensitivity Factors

Based on the parameters above, the variation of each variable in the three models
regarding the consumer price sensitivity factor b is explored. From Figure 1, it can be
seen that the price compensation factor α and the quality of agri-foods g decrease with the
increase of consumer price sensitivity factor b. The trend indicates that when consumers
become more and more sensitive to the price of agri-foods, the selling price of agri-foods
will decrease with the increase of consumer price elasticity in order to increase sales, and at
the same time, agricultural producers will choose to reduce quality improvement inputs to
reduce costs. However, in general, the centralized decision with the goal of maximizing
the overall benefit of the supply chain is still the optimal strategy to realize the quality and
price of agri-foods.

From Figure 2, it can be seen that the profit of the participants in the agricultural
supply chain decreases as the price elasticity of demand b increases, and the overall profit
of the supply chain under the centralized decision is the largest. Since the profit of sellers
is relatively small under this set of parameters, the overall profit distribution of sellers in
the supply chain is slightly lower than that of producers. When the quality of agri-foods is
promoted by the seller, the seller gains more profit compared with the producer; i.e., the
profit is inclined to the dominant players in the supply chain.
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Figure 1. Variation of quality safety factor g and price compensation factor α with consumer price
sensitivity factor b. (Variables with * are the optimal variable values.)

Figure 2. Variation of profits of agricultural supply chain participants with consumer price sensitivity
factor b. (Variables with * are the optimal variable values).

6.2.2. Sensitivity Analysis on Consumer Quality Sensitivity Factors

Using the above parameters, the variation of each variable in the three models with
respect to the consumer quality sensitivity factor k is analyzed. From Figure 3, it can
be seen that with the increase of k, the price compensation factor α and quality safety
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g in the producer-driven Stackelberg game model are at the lowest level and do not
change. However, the price compensation factor α and quality safety degree g in the
seller-dominated Stackelberg game model and the centralized decision model are both
on the rise. In the producer-dominated Stackelberg game model, producers dominate the
quality safety degree g, and sellers dominate the price compensation factor α. The trend
shows that with consumers’ increasing care about the quality of agri-foods, producers are
concerned that sellers will not compensate them for the cost of their efforts to improve
quality. Therefore, in order to ensure their own maximum gain, producers will be stingy to
increase the quality improvement input, which ultimately indicates that the producer is
insensitive to the consumer’s quality demand elasticity. In Model 2 and 3, when consumers
pay more and more attention on the quality of agri-foods, sellers will incentivize producers
to improve the quality of agri-foods by increasing the price compensation factor.

Figure 3. Variation of quality safety factor g and price compensation factor α with consumer quality
sensitivity factor k. (Variables with * are the optimal variable values).

As can be seen in Figure 4, the producer is insensitive to the quality elasticity of
demand because the producer does not actually make quality improvements in Model 1.
The maximum profit of the seller in model 2 and the total profit of the supply chain in
model 3 increase with the increase of the quality elasticity of demand, and the profit of
the producer decreases with the increase of the quality elasticity of demand. When the
quality elasticity of demand reaches a certain threshold, if the price increase is not large,
the producers of agri-foods will be unprofitable due to the high quality input cost.

From Figure 5, it can be seen that the actual market demand for agri-foods in models
2 and 3 decreases with the increase of consumer price sensitivity and diverges into two
stages with the increase of quality sensitivity.
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Figure 4. Variation of profit of agricultural supply chain participants with consumer quality sensitivity
factor k. (Variables with * are the optimal variable values).

Figure 5. Variation of real market demand d with consumer price sensitivity factor b (A) and quality
sensitivity factor k (B) (Variables with * are the optimal variable values).

In the first stage, when the price sensitivity of consumers is very low, the actual market
demand in the centralized decision model is the lowest, followed by the game model
dominated by producers, and finally the game model dominated by sellers. The second
stage is when the quality sensitivity of consumers reaches a certain value, the actual market
demand in the centralized decision model starts to exceed the actual market demand in the
decentralized decision model with the increase of quality sensitivity.
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This indicates that when consumers are not sensitive to the quality of agri-foods,
low-quality agri-foods sell better. When consumers are more and more concerned about
the quality of agri-foods, the “high-quality and high-priced” produce sells better.

6.3. Analysis of Other Parameters
6.3.1. The Impact of Agricultural Selling Prices on Profits

The above parameters were also used to analyze the profit changes of supply chain
participants when the retail price gradually increases from 5 to 10, and the results are
shown in Figure 6A. As can be seen from the figure, the profit of sellers increases with
the increase of selling price of agri-foods, while producers’ profit increases first and then
decreases with the increase of selling price. With the increase of unit value of agri-foods,
supply chain profit gradually inclines to sellers.

Figure 6. Variation of profits of supply chain participants with agricultural sales price p0 (A) and
wholesale price w0 (B). (Variables with * are the optimal variable values).

Considering that the profit of sellers in the original parameters is low, in order to
observe the change of profit of supply chain participants with the wholesale price of agri-
foods, the retail price is assumed to be 10. When the wholesale price increases from 3
to 8, the change of profit of supply chain participants is shown in Figure 6B. From the
figure, it can be seen that with the increase of wholesale price, the profit of sellers gradually
decreases, and the profit of producers first increases and then decreases. The total profit of
the centralized decision supply chain is the largest, mainly related to parameters such as
total regional sales volume rather than prices.

6.3.2. The Impact of Cost-Sharing Factor

According to Proposition 8, the parameters k = 1 and b = 0.375 are reset to observe
the changes of some variables, such as the quality of agri-foods, the level of price subsidy,
and the profit of supply chain participants with the sharing coefficient β, under the cost-
sharing contract. The results are shown in Figure 7. It is easy to find from Figure 7A that
the adoption of cost-sharing contracts can significantly improve the quality of agri-foods,
and also the price subsidy level is lower than that before the introduction of cost-sharing
contracts, which means that the price of agri-foods is more “high-quality and low-price”
at this time. From Figure 7B, it can be seen that as the cost-sharing coefficient of sellers
increases, the supply chain profit keeps shifting to producers. The producer and seller can
achieve the same profit at a specific moment.
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Figure 7. Variation of the main parameters (A,B) of the supply chain with the sharing ratio β after
the introduction of the cost-sharing contract. (Variables with * are the optimal variable values).

7. Discussion

From the analysis above, we find a very interesting phenomenon. That is, the decision
of the quality improvement initiative depends on the decision-making style, the value of
agri-foods, and the consumers’ consumption concept.

(1) In the decentralized decision-making model, the quality improvement of agri-foods
led by sellers is better than that led by producers, but both are lower than the agri-
cultural product quality level when the decision making is centralized to maximize
the overall supply chain benefits. Therefore, from the consideration of improving the
quality of agri-foods, it is the optimal strategy to improve the level of supply chain
integration, establish supply chain alliances, and launch action plans of agri-food
quality improvement jointly by supply chain members.

(2) Considering that the actual demand for agri-foods is affected by the wholesale price,
the supply chain participants should choose decision-making strategies according
to the characteristics of the products they operate when launching the action plan
for agricultural produce quality improvement, from the perspective of opening up
the market and increasing the market awareness of agricultural produce. Generally
speaking, for general mass agri-foods, it is more favorable to expand sales volume
by centralizing decisions for the supply chain to drive quality upgrades, while for
high-end agri-foods with higher wholesale prices, it is more favorable to expand sales
volume and open up the market for the supply chain to be led by sellers.

(3) The price and quality of agri-foods are affected by the price elasticity of demand
and quality elasticity of demand. The more sensitive consumers are to price, the
more popular low-quality and low-priced products will be, and the more sensitive
consumers are to quality, the better quality and price mechanism is guaranteed when
the overall benefit of the supply chain is maximized to improve the quality of agri-
foods, and the quality improvement of agri-foods is more “good value for money”
compared with the decentralized decision-making mode. Therefore, in order to
promote the high-quality development of the agri-foods industry, raising the income
level of agri-foods consumers and reducing the price elasticity of demand should
be the first focus, and then, it is indispensable to promote the concept of food safety
and improve the quality elasticity of demand so as to force the construction of a
high-quality and high-quality price mechanism for agricultural produce.

(4) The use of cost-sharing contracts can significantly improve the quality of agri-foods
in the supply chain, and the subsidized price of agri-foods under certain conditions is
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lower than before the introduction of the contract, which helps to reduce the selling
price and increase sales. Moreover, cost-sharing contracts facilitate the transfer of
profit distribution in the supply chain to the producers. Therefore, from the perspec-
tive of protecting “small farmers” and increasing consumer surplus, sellers should be
encouraged to promote quality upgrading initiatives in the form of cost-sharing.

8. Conclusions

Three basic decision models involving the decision-making behavior on the quality
improvement of agri-foods in the supply chain, namely, the decentralized decision model
dominated by producers, the decentralized decision model dominated by sellers, and the
centralized decision model, were constructed using game theory. The market demand of
agri-foods depends on their sales price and supply quality is considered, and two decision
variables of “quality safety” and “price compensation factor” are introduced into the linear
inverse demand function for the first time. A cost-sharing contract is designed to study
the relationship between product price, quality, and market demand in the supply chain.
The results show that the centralized model is better than the two other models from the
perspective of quality improvement. However, how to make decisions to achieve quality
and price of agri-foods varies. Given that the study only analyzed the decisions within the
supply chain, that is, the quality improvement action is voluntary and endogenous, future
research can further discuss the influence of quality improvement on the behavior of other
stakeholders and make clear how quality works in the market. Moreover, the participants
in the agricultural supply chain are assumed to be risk-neutral. To validate the findings
further, studies can be conducted with risk-appetitive and risk-averse participants.
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Abstract: Although the different alternative food networks (AFNs) have experienced increases
worldwide for the last thirty years, they are still unable to provide an alternative capable of spreading
on a large scale. They in fact remain niche experiments due to some limitations on their structure
and governance. Thus, this study proposes and applies a design method to build a new sustainable
food supply chain model capable of realizing a “jumping scale”. Based on the theoretical and
value framework of the Civil Economy (CE), the Economy for the Common Good (ECG), and the
Development on a Human Scale (H-SD), the proposed design model aims to satisfy the needs of all
stakeholders in the supply chain. Max-Neef’s Needs Matrix and Design Thinking (DT) tools were
used to develop the design model. Applying the design method to the food chain has allowed us to
develop the concept of the “Food Village”, an innovative food supply network far from the current
economic mechanisms and based on the community and eco-sustainability.

Keywords: alternative food networks (AFNs); human needs; food sovereignty; Civil Economy (CE);
Economy for the Common Good (ECG)

1. Introduction

Overall, the food produced could feed about 10 billion people globally. However, the
food system fails to achieve a fair allocation of resources [1]. Nearly 1.3 billion tons of food
(about one-third of total production) are wasted every year, and approximately 56% of
waste occurs in industrialised countries. However, they use better agricultural, transport,
and conservation techniques [2].

In 2019, almost 690 million people were undernourished worldwide [3]. At the same
time, by 2025, the prevalence of global obesity is predicted to reach an estimated 257 million
adults, showing a rapid increase from 202 million in 2016 [4].

The agro-industrial system has enormous environmental impacts in biodiversity re-
duction, land degradation, aquifers’ pollution, greenhouse gas emissions, and air pollution
from the transport of foodstuffs, among others [5]. Moreover, the current food system has
produced considerable social costs for small producers worldwide (product sales price
lower than the production price, reduction in income, increased phenomena of failure,
marginalisation, and loss of self-esteem, land abandonment, and migration to cities and
other countries [6].

Previously, the global food problem was addressed, promoting agro-industry, free
market, and the production methods of the so-called “Green Revolution” (use of pesticides,
chemical fertilisers, mechanisation, genetically modified organisms, etc.) by the major
international organisations [7].

The large-scale distribution represents in the industrialized world the way in which
the agro-food system organizes the consumers’ purchase of food. It is highly concentrated
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spatially and structurally and it is characterized by high levels of production and by
long-distance import and export [8]; moreover, economic globalization and relatively
cheap energy influence it [9]. This causes several negative environmental and social
externalities [10].

However, recently, a change towards greater sustainability attributed to greater con-
sumer sensitivity has been occurring towards socio-environmental issues [11,12] and nu-
merous activist associations’ actions have been implemented [13], such as those of the
international association of producers “La Via Campesina” (LVC). LVC states that, to
achieve food security, “Food Sovereignty”, which is defined as “the right of people to
healthy and culturally appropriate food produced through ecologically sound and sus-
tainable methods, and their right to define their food and agriculture systems. It puts the
aspirations and needs of those who produce, distribute and consume food at the heart of
food systems and policies rather than the demands of markets and corporations”, [14] must
be promoted.

Food Sovereignty was analysed in terms of its history, meaning, and local experience
application by several authors [15–17].

According to LVC (See http://www.viacampesina.org for background) (accessed on
1 October 2021), only through a change in the economic paradigm, capable of guaranteeing
democratic, eco-sustainable exchange processes based on respect for others, can food
security be achieved [14]. In this perspective, the direct participation of all stakeholders in
the governance of the “common good” is central to an organized political level; this direct
participation is also crucial to community processes emerging by an approach from the
low earners.

Some authors have highlighted the importance of participatory democracy techniques
for the construction of policies [18,19] and the role of food territorial planning [20,21]
in building resilience, nourishing, and promoting rural development. These tools are
important to facilitate territorial planning by the public decision makers and the destination
of economic resources for local development.

In the last three decades, within the discussions on emerging new forms of food supply
and distribution that involve different actors, first of all, producers, and consumers, the
Alternative Food Networks (AFNs) represent those that are more spread and analysed [22].

AFNs are food supply chains based on a community mould. In social relationality,
eco-sustainable agricultural practices, public health, and social equity are promoted [23].
However, although the current AFNs are experiments of the food system towards a new
economic paradigm, the current AFNs have remained, over time, a limited phenomenon.

Some authors [24–26] have stated that AFNs do not make a change in scale and do
not produce a transition in the agri-food system due to the strong structuring of the food
system, their relatively recent birth, and their bottom-up approach, remaining mostly niche
initiatives. They affirmed that a way to facilitate the move beyond the niche is to focus on
the community-orientated schemes’ role.

Agreeing with these authors, we argue that the reason AFNs have remained a niche
phenomenon is that they fail to satisfy the needs of all stakeholders.

At the same time, the large-scale distribution creates environmental, social, and eco-
nomic negative externalities.

From this perspective, both AFNs and large-scale distribution can be considered
inefficient economic processes.

The aim of this paper is to propose an innovative AFN that can satisfy stakeholders’
needs involved in the food chain.

Specifically, to create a new eco-sustainable agri-food chain based on collective well-
being and social equity, which promotes food security and can be spread on a large scale,
in our opinion, it is first required to identify an adequate theoretical economic framework.

Therefore, it became necessary to analyse the needs of all stakeholders involved in
the food chain and the intimate connection between them. Aiming to design the economic
processes, a theoretical framework based on the principles of Civil Economy (CE) [27,28],
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the Economy for the Common Good (ECG) [29,30], and the theory of Human Scale Devel-
opment (H-SD) by Max-Neef [31] was adopted. All of these heterodox models promote a
sustainable vision that is the base of both all AFNs and the new food network chain we
want to propose.

Aiming to enlarge the scale of impact of AFNs, we referred in particular to Max-
Neef’s [31] model that theorizes that the economy has to respond to all needs of stakeholders.

All these considerations and methodological approaches were used to develop the
“concept” of an innovative food network: “The Food Village”.

The paper is organized in the following manner. In the Section 1.1 subparagraph
we present the concepts of AFNs and the relevant literature on the topic, while in the
Section 1.2 we compare four AFNs examples. In Section 2 “Materials and Methods”, firstly,
in Section 2.1 subparagraph, we describe the economic models underlying the new food
supply chain model. In the Section 2.2 subparagraph, we present Max-Neef’s matrix for
needs analysis, while in the Section 2.3 subparagraph we describe a design method to
conceive the innovative AFN for a new economic paradigm through Max-Neef’s matrix. In
the Section 2.4 subparagraph we describe the application of the proposed design process
to develop the new food supply chain. In Section 3 the concept of the innovative food
network that emerged from the designing process is discussed. A short discussion follows.

1.1. Alternative Food Networks: Past and Actuality

Following the first food scandals linked to large-scale distribution, and since the
1980s, there has been a radical change in consumer demand, the so-called “food turning-
point” [32], that has caused greater importance to be attached to the transparency of the
production processes [33]. Meanwhile, the first environmental movements, ambitious to
overturn the modernisation paradigm in the food sector, also contributed to this change.

Considering this background, a new way of thinking about the supply chain has
begun taking shape. The organic system was the substratum on which national and
international networks of producers and consumers were created. However, farmers
have begun revealing the economic unsustainability of the large-scale distribution system
and agriculture productivity. The loss of power along the supply chain and large-scale
production has been determined to crush small- and medium-sized farms [34].

By adopting more efficient production techniques and promoting high-quality prod-
ucts, the farmers redeemed their position within the agri-food system; this process, together
with consumers’ contribution in search of more sustainable food supply chains, has pro-
moted the development of AFNs [35]. Among several definitions, Maye and Kirwan [36]
(p. 1) described AFNs as “organised flows of food products connecting people (consumers)
who care about the moral aspect behind their consumption practices. These people meet
those (producers) who want a fair price for the way they produce food, far from the domi-
nant (or conventional) logic of the market”. Jarosz [37] (p. 1) affirmed that “alternative food
networks represent efforts to re-spatialize and re-socialize food production, distribution
and consumption in North America, Europe and Australia”.

Terms such as AFNs and “Short Food Supply Chains” (SFSCs) are often used indis-
criminately in such a way that the reduction in commercial nodes is the main feature
of AFNs [38]. Instead, the “localisation” is given by an assortment of factors, and it is
reductive to stop at the spatial conception alone. If taken individually as a criterion for
evaluating the location of a given supply chain, the geographical configuration varies from
radically local to radically global chains, with an infinity of intermediate cases in between.
Therefore, for an exhaustive localisation analysis, several factors such as the product’s
identity (typicality, processing, tradition), management organisation of the supply chain,
and technologies used [39] have to be considered.

From another perspective, Watts et al. [40] argued that AFNs are distinct from con-
ventional supply chains based on their commitment and potential subordination to global
chains (i.e., those supply chains that operate in a global neoliberal policy).
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Another central aspect that outlines the boundary between conventional and alterna-
tive systems is the involvement of the consumer and the level of relationality established in
the exchanges between the players of the supply chain [23]. Opitz et al. [41] stated that the
interaction with producers is one reason that encourages consumers to choose AFNs.

Ilbery and Maye [42] affirmed that the boundary between conventional systems and
AFNs is not clearly defined: neither operates completely autonomously and differently due
to the economic motives pushing the alternative producers to operate in both systems. This
is an increasingly widespread phenomenon of hybridisation and “conventionalisation” [43]
within alternative supply chains [44,45]. “Conventionalisation” refers to the contamination
of alternative supply chains, which take on some of the characteristics of conventional
supply chains, from which they originally wanted to go away. This can also occur following
the attempt of “conventional players” to expand their market by including some of the
characteristics of alternative food supply chains.

Le Velly [46] recognised the AFNs’ promise of diversity that a different organisation
of the supply chain components should distribute benefits among producers, consumers,
regions, and the environment. The difference is the characteristic that triggers the specific
rules’ definition interconnected with conventional rules. Therefore, Le Velly [46] proposed
to address the question “from the perspective of the organisational innovation processes
activated” (p. 9). These innovation processes could be implemented by adopting specific
“alternative rules” that are new ways of relating between the producer and consumer
as well as new methods of production, transport, and different contracts, among others.
However, some rules adopted from conventional supply chain models are not excluded,
such as the infrastructure and knowledge of wholesalers. Similar to others, Le Velly [46]
also regarded AFNs as ongoing, both emergent and making, rather than already shaped
systemic entities.

Even if the AFNs represent a concrete proposal for transition, the discussion regarding
both the maximisation of the potential of these initiatives to spread their social, ecological,
and economic innovations to transform food systems, and avoiding the erosion of their
authenticity is open and animate [22,25,26].

Indeed, Rossi [47] asserts that AFNs’ experiences are at a crucial point in their existence,
also due to their growing interest in the demand side as well as the production; in fact,
these experiences “on the one hand are both consolidating around their elements of alterity
to the conventional food chains and, on the other, they are facing the challenge of growth
and the interaction with the mainstream system” [22] (p. 4). Analysing five AFNs focused
on community support agriculture, Rossi [47] argued whether the increase in AFNs could
represent a way to enlarge the availability and affordability of the products by expanding
the consumers’ access to these initiatives; equally there is the issue of conventionalisation.

In the next subsection, we will analyse four examples of AFNs in order to highlight
their characteristics and to clarify their differences to understand the mechanisms that can
facilitate or hinder the change in scale of AFNs.

1.2. A Comparison of Four Relevant AFNs

The four relevant AFNs analysed are: Italian Solidarity Purchase Groups (SPGs),
the Organised Group of Supply and Demand (OGSD, GODO in Italian), the Community
Supported Agriculture (CSA), and the Food Coop Park Slope (FCPS) model. Highlighting
their potential and limitations has contributed to developing the “concept” of the new
innovative food network proposed in this paper.

Born in Italy in the mid-1990s, the SPGs are a collective food supply practice including
consumers who cooperate by buying food products or common goods directly from local
producers at a fair price for both parties. The group participants first define a list of
products that they collectively intend to purchase. Based on this list, the different persons
compile orders collected to define a group order, transmitted to the producer (almost
always organic). Finally, goods delivered are divided among the group members, and each
one pays for his share [48].
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The OGSD is a particular SPG where producers and consumers are associated with
the Italian Association of Organic Agriculture (AIAB in Italian) to encourage matching the
demand and supply of local organic products. It promotes responsible consumption based
on seasonality, producer visibility, and product exchange without intermediation [49]. The
OGSD facilitates purchases from member farms, manages product deliveries, provides
information on the organoleptic and nutritional qualities of products, and promotes visits
to member farms and training on organic farming [49].

The CSA is a community that is committed to supporting agricultural activities by
sharing the risks and benefits of production with the farmer. The community co-designs
the production and purchases a share of the production before each growing season. Hence,
the farmer receives working capital in advance, thus obtaining greater financial security
and better prices. Depending on their contribution, in return, the members receive regular
farm products throughout the season [50].

The FCPS model is inspired by one of the oldest consumer food cooperatives in
the United States, born in 1973 in New York. Its goal is to be a purchasing agent for
its members, the only ones who can shop food and household items in the store. To
have the possibility to buy into the selling point, all of them contribute with 2 h and
45 min of work every four weeks to the Food Coop. The FCPS focuses on sustainability
and prefers selling environmentally sustainable products. Usually, the mark-up is only
21% compared to the wholesale price (26–100% in large-scale distribution) (See https:
//www.grubstreet.com/2018/04/history-of-the-park-slope-food-coop.html) (accessed on
10 November 2021). Additionally, the members’ work covers about 75% of the marketing
costs associated with selling point employees (See http://foodcoop.film/) (accessed on
25 November 2021). Therefore, the Food Coop can be competitive and offer higher-quality
products compared to large-scale distribution at lower prices. This model has also spread
to Europe, where numerous cooperative supermarkets inspired by the FCPS experience
have sprung up [51]. It has yielded significant results in creating social aggregation, a
sense of community and solidarity, and promoting a fair and environmentally sustainable
food supply.

As shown before, the literature on AFNs is vast and over time several authors have
focused on different aspects. Recently, at the international level, there has been an open
and growing debate on the social assumptions and on the characteristics of the economic
processes necessary for the structuring, affirmation, and change in scale of the AFNs [52–54],
among others.

Mount [52] wondered about the effects of the change in scale on the structure of AFNs,
how this could affect the values that characterize them and the effectiveness with which
they are able to translate them into coherent economic processes.

Wald, Hill [53] affirmed that reflecting on the scale concept helps both to perceive the
development and the spread of food systems, and how certain alternative food system
models could realize a “jumping scale”.

Using a multi-actor perspective framework, Poças Ribeiro et al. [54] explored the
limiting and facilitating factors impacting the emergence and consolidation of different
types of AFNs in three different countries. They underlined the fundamental role of
organizers concerning the development of AFNs and that, at the same time, a wide scope of
actions by governmental and non-governmental stakeholders supporting the development
of more AFNs are needed.

We considered the characteristics of the four AFNs in order to highlight both the
elements that hinder their change in scale and the elements that could facilitate the con-
struction of a new AFN model.

These four AFNs are characterised by being governed by a “sharing economy” system.
Business models based on sharing can be very different. Still, social well-being issues and
the positive effects on the sustainable use of goods are a priority for all. A comparison
to highlight their features was made concerning five key components: (i) the localisation
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(or proximity); (ii) the consumer involvement degree; (iii) the reasons for joining; (iv) the
effects on sustainability; (v) the limits (Table 1).

Table 1. Comparison between the AFNs.

SPG OGSD CSA FCPS

L
o

ca
li

sa
ti

o
n

/p
ro

x
im

it
y

High: It brings together local
producers with consumers

aiming to create a proximity
exchange channel.

Medium–High: It is very
important but not exclusive

because OGSD supplies
organic products exclusively.

High: Localisation is not an
essential element but is
strongly recommended.

Medium: The product’s
prevalence comes from a

distance of 200–500 km and
other continents at the

members’ wishes.

C
o

n
su

m
e

r
in

v
o

lv
e

m
e

n
t

High: Consumers generally
manage the organisational

part of the group

Medium–Low: The products
ordered are collected at
distribution points or

delivered home, so direct
contact with the producers

could be marginal.

Medium–High: Consumers
support production before

receiving products.
Sometimes, they contribute to

manual labour helping
the producers.

Very high: Consumers work
in it, decide which products

should be selling and
participate in assemblies by

the directors’ board.

R
e

a
so

n
s

fo
r

jo
in

in
g High product quality;

ethical–moral values; trust in
producers; social interactions;
socio-political values; support

to producers; ecological
sustainability; fair price.

Acquisition of new
knowledge is not strictly a

reason for joining.

High product quality;
ethical–moral values; trust in
producers; social interactions;
socio-political values; support

to producers; ecological
sustainability; fair price.

Acquisition of new
knowledge is not strictly a

reason for joining.

High products quality;
ethical–moral values; trust in

producers; socio-political
values; support to producers;

fair price; ecological
sustainability; acquisition of

new knowledge. Social
interaction is not strictly a

reason for joining.

High product quality;
socio-political values; social

interactions; support to
producers; fair price;

acquisition of new
knowledge. Ethical–moral
values, trust in producers,

ecological sustainability are
not strictly reasons

for joining.

E
ff

e
ct

s
o

f
su

st
a

in
a

b
il

it
y

H
ea

lt
hy

Ea
ti

ng
:

Consumers are very
interested in healthy eating

and nutrition education.

It promotes organic
agriculture and the critical

consumption of
healthy foods.

It usually promotes
organic agriculture.

It arises from the consumers’
need to find healthy foods in

big cities.

U
se

of
na

tu
ra

lr
es

ou
rc

es
:

Less impact of transport due
to the high proximity

supply–demand. Logistic
system streamlined by

governance. Low-input
agriculture supported.

Less impact of transport due
to the middle–high proximity

supply–demand. Logistic
system streamlined by
governance. Organic

agriculture supported.

Food waste can occur due to a
wrong consumers’ estimate of

the product they need in
advance. Producers are

often organic.

Imported products from other
continents, if members

request, could determine an
environmental impact.

L
im

it
s

A limited number of families
can join. Limited temporal

and logistic accessibility.
Reduced product variability.

The possible high
involvement from all

members could discourage
many from joining.

Limited temporal and logistic
accessibility. Reduced

product variability. A limited
number of consumers

supplied by local producers

Products ordered in advance
may not be satisfactory at the

time of delivery, both
qualitatively and

quantitatively. Limited
temporal and logistic

accessibility. The possible
high involvement from all
members could discourage
many from joining. Food

waste could occur.

The high involvement from
all members could discourage

many from joining. A
consolidated system requests
a large number of adherents

willing to collaborate
periodically over the years.

Source: Authors own elaboration.

Localisation or proximity is a discriminating aspect between the different forms of
AFNs. In SPGs, the proximity between producer and consumer is high, as they collaborate
to enhance local production, favouring organic or sustainable ones. In the OGSD, local-
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isation is important (up to 80% in some cases) but not exclusive; supplying exclusively
organic products often also involves farms located throughout the country. For CSAs and
Food Coops, the proximity between supply and demand is not determined. In both cases,
producers and consumers may never come into direct contact, and the mutual trust is based
on the sharing of some fundamental values, such as product quality and fair prices. Despite
this, in CSAs, proximity between producer and consumer is strongly recommended and it
is usually the norm; sometimes, consumers support the production through manual labour.

Consumer involvement in SPGs is a fundamental part of the group: they voluntarily
manage orders, deliveries, and quality control, among others, and the relationship between
producer and consumer is constant and without intermediaries. Instead, in the OGSD,
the consumer–producer collaboration either does not occur or occurs partially: consumers
decide to subscribe to a specific organised group and support the producers through a
membership fee. Sometimes, consumers can provide voluntary help at the headquarters
of the local OGSD quarter. The supply–demand interaction occurs mainly through web
platforms: orders are placed periodically, and then consumers can collect their shopping at
the designated logistics points.

In CSAs, the producer is economically supported by the consumer; usually, at the
beginning of the production year, they meet to co-plan the productions, and sometimes,
the consumers contribute to manual labour helping the producers.

In Food Coops, the consumers’ involvement is active and high because they have
to work within the coop to be able to buy from the selling point; they also decide which
products they should be selling and participate in assemblies with the directors’ board.

In the SPGs, OGSD, and CSAs, the quality of the product, attention to the environment,
and ethical–moral values are priority aspects for the members [49,55]. Specifically, the trust
in the producer within the SPGs is what distinguishes the relationships before the support.
Instead, in OGSD, the trust and support to the producer are based on the membership fee
that each member–consumer pays to become part of it. In Food Coops and, particularly in
Park Slopes, the desire to eat quality food and the possibility of being able to decide the
provenience of the food supply unite people.

We focused on nutrition and environmental impact regarding the effects of the AFNs
on consumers. SPGs, OGSD, and CSA, promote the consumption of local and organic foods.
In the FCPS, healthy eating is the reason that led to its creation due to the difficulty in
finding good quality foods in New York; this is why an assembly decision-making system
open to all members was set up so that all the goods represent the will of the consumers.
The products are preferably, but not exclusively, local, organic, vegan, and non-GMO,
among others.

Concerning the impact on the environment, a critical aspect of CSA is that the con-
sumer often overestimates their needs during the advance order, leading to food waste.
Additionally, selling non-local producers’ goods, the FCPS model has a bigger impact on
the environment because it uses more long-range transport with respect to the other AFNs.

Regarding the limits, the SPGs satisfy a restricted number of families’ demands:
generally, no more than 50 families per group based on the territoriality feature of the
productions. Therefore, if the requests exceed this threshold, a spin-off or a new group is
arranged. Moreover, it is characterized by reduced product variability.

In OGSD, consumers can access a more varied product portfolio but still lower than
the large-scale distribution.

In CSAs, inconsistencies between the ordered product and the one received often
occur both in quality and quantity.

In SPGs, OGSD, and CSAs, the temporal and logistic accessibility limits consumers
because the products could be withdrawn only during limited times of the week.

In SPGs and CSAs, the possible high involvement from all members could discourage
many from joining; in the FCPS model, the high degree of involvement and work required
could discourage many from joining.
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From this analysis, the four AFNs could not make a change in scale and produce
a transition in the agri-food system due to some constitutive limits. In particular, we
have individuated some issues, including the failure to respond fully to consumer’s de-
mand in terms of the assortment of food products, consumers requiring a medium–high
involvement, the reduced time slots for accessibility to purchase, and uncompetitive prices.

It is necessary to develop an innovative model responding to all stakeholders involved
in the supply chain, consumers, producers, and all operators, to surpass these critical issues
and, thus, create a sustainable supply chain on a larger scale. Therefore, it is necessary to
understand the economic principles and models that can form this innovative food chain
structure. The next section reports the economic models that align with the principles and
values underlying a new sustainable AFN.

2. Materials and Methods

2.1. The Economic Models Underlying the New Food Supply Chain Model

AFNs are characterised by human relatedness to distance themselves from the tradi-
tional supply chain model to accomplish the common good and environmental sensitivity.

To achieve these objectives on a large scale, we hypothesise that an innovative food
supply chain based on an economic framework consistent with human values and ecol-
ogy must be designed. Therefore, it seems necessary to extend Le Valley’s “promise of
diversity” [46] to the epistemology of the economic model. Following this perspective,
the “diversity” of the innovative supply chain model is based on the change in the eco-
nomic paradigm. From this, the “diversity” of production, organisational, and governance
systems can be ideated and designed in a coherent approach.

Therefore, three alternative economic models have been identified, together constitut-
ing the economic paradigm of the “Food Village”: the CE [27], ECG [29], and Economics of
H-SD [31]. Starting from being different approaches, these models differ from the main-
stream economic model because they focus on pursuing collective well-being and essential
human needs. People are considered human beings rather than economic agents and are
part of a single organism made up of the human community and the environment. From
this perspective, the economy aims to achieve public happiness and to reach this result.
Therefore, it must satisfy all essential human needs.

Born in Italy in the eighteenth century, the CE states that human beings act in terms of
the market, friendship, reciprocity, gratuity, and fraternity in their economic actions. Hence,
the market actor is seen as a person, not simply an individual, but a friendly economic agent.
Public virtues replace the private interests of the political economy. In these terms, from
Smith’s “invisible hand” that considered the market regulated based on the individual’s
interests, it moves on to the “visible fabric” or to the civic virtues that each individual
uses in the moment of exchange. Every economic operator should be endowed with moral
qualities that can make a difference and enrich everyone. CE is based on five principles:
(1) reciprocity, which makes the exchange personal and meaningful; (2) fraternity, which
fosters diversity (cultural, religious, ethnic, etc.) and makes them compatible; (3) gratuity,
open to others and treats them with respect, in reciprocity; (4) public happiness, arising
from ethics and virtues as well as the common good and being the goal of society and the
economy; (5) the plurality of economic actors, involving both public and private and profit
and non-profit business, and overcoming the state–market duopoly, thereby making a more
democratic economic system [27].

ECG is considered able to follow the necessary sustainable transformations on an
economic, political, and social level across Europe (In 2016 an Opinion of the European
Economic and Social Committee [56] was published concerning ECG where it was defined
as a lever to the “transition towards a European Ethical Market which will foster social
innovation, boost the employment rate, and benefit the environment”.) and worldwide.
Even though the ECG is based on several disciplinary approaches derived from ethics,
ecology, political science, social psychology, neurobiology, pedagogy, discussed over a long
time (since 2010), ECG has been developed as a practical economic model. Therefore, it
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needs to be explored in the study of practices and developed clearly and in a structured way.
Recently, Dolderer et al. [30], based on Felber [57], defined the “Common Good Economics”
as “the science of satisfying the needs of the present and future human generations, in
alignment with democratic values and ecological planetary boundaries” [30] (p. 7). The
Common Good is well-thought-out in its highest and broadest significance [57], and the
ability to achieve it results from economic success. Practically, the ECG has implemented
the Common Good Balance Sheet (CGBS). It is a scorecard that measures how much
public, private, or third sector activity contributes to the Common Good, based on the
preservation of five fundamental values: human dignity, cooperation and solidarity (which
count as one), ecological sustainability, social justice, and democratic co-determination
and transparency [58]. The CGBS comprises 17 indicators that emerged from a matrix,
intersected by the five fundamental values with the stakeholders of the analysed activity:
suppliers, lenders, employees and holders, customers, partner companies, and the social
and civil context, understood as territory, population, future generations, other human
beings, and nature globally [59]. The CGBS is compiled directly to measure the contribution
of the economic activity to the Common Good, verified and certified by external auditing:
the more the activities are structured socially, ecologically, democratically, and jointly, the
higher the score. Companies adopting the CGBS will be encouraged through tax exemption
and easier access to public contracts and funds.

The Economics of H-SD states that the economic system has to respond to human
needs. Unlike Maslow [60], Max-Neef [61] argued that it was not possible to affix a
hierarchy to human needs and classified them as existential and axiological [62]. Existential
needs are distinguished according to the dimensions of “being”, “having”, “doing”, and
“interacting”. In contrast, the axiological needs are distinguished in subsistence, protection,
affection, knowledge, participation, creativity, identity, freedom, and free time. Surpassing
the existential and axiological needs, Max-Neef developed a matrix of needs. Through the
matrix, it is possible to identify the satisfiers of human needs (Table 2), which represent
ways of fulfilling individual needs.

Table 2. Matrix of Needs and Satisfiers.

Being Having Doing Interacting

Subsistence
Health, Adaptability,

Sense of humour Food, Shelter, Work Feed, Procreate,
Rest, Work

Social setting,
Environment

Protection
Care, Equilibrium,

Solidarity
Rights, Social

security, Family Cooperate, Plan, Help Living space, Dwelling

Affection
Self-esteem,

Respect, Passion
Friendship, Family,

Relation with nature
Make love, Share,

Cultivate, Appreciate
Privacy, Intimacy,

Home, Togetherness

Understanding
Critical conscience,

Curiosity, Discipline
Literature,

Education, Teachers
Investigate meditate

experiment
Groups, Community,

Schools, Family

Participation
Dedication, Respect,

Receptiveness
Rights, Responsibility

duties, Work
Cooperate, Dissent,
Agree on, Interact

Associations, Churches,
Family

Idleness
Curiosity, Tranquillity,

Imagination
Peace of mind,
Games, Parties

Day-dream, Relax,
Remember, Brood

Privacy, Intimacy, Free
time, Landscape

Creation
Passion, Intuition,

Imagination
Abilities, Skills,
Method, Work

Work, Invent, Build,
Compose, Design

Productive settings,
Workshops, Time

Identity
Sense of belonging,

Self-esteem
Language, Symbols,

Religion, Values
Commit oneself, Grow,

Recognise
Social rhythms,

Maturation stages

Freedom
Autonomy, Boldness,

Passion Equal rights Dissent, Choose,
Disobey, Run risks

Temporal/spatial
plasticity

Source: Max-Neef et al. [61] (p. 33).

For example, the need for knowledge can be satisfied through literature, a satisfier
(way), while the good (means) used for this purpose is—potentially—a book. A satisfier
could also be represented by interacting with new people and discovering new places,
among others. Satisfiers are characterised by intangibility, as these represent how society
approaches a need, while materiality characterises goods.
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The H-SD Economy departs from the ideology behind the current economic model,
where needs are met through material goods and services, seen more as an end than a
means. Instead, the introduction of the satisfiers uses a less materialistic approach. Unlike
needs, which remain the same for Max-Neef even between different historical periods
and cultures, the satisfiers are influenced and modified by several factors. These are the
organisational structure of a certain society, political system, and social practices. Moreover,
they vary for each individual according to subjective attitudes, such as the character or the
ethical and moral values. Ultimately, the relationship between human needs, satisfiers, and
material goods is concretised in the Max-Neef matrix.

The Max-Neef matrix is an integral part of the design method that we propose in this
study and, therefore, will be more explored in the next subparagraph.

2.2. Max-Neef’s Matrix for Needs Analysis

Max-Neef’s matrix promotes H-SD, a notion based on satisfying basic human needs
and increasing self-confidence levels. With this perspective, it is possible to construct
optimal synergies between the human being and environment, man and technologies,
global processes and local activities, personal interests and social interests, participatory
planning and private initiative, and civil society and the state [31].

The economic paradigm of H-SD raises the quality of life through a holistic under-
standing of people’s needs. Thus, each need is fulfilled by different sets of satisfiers that
include all things that contribute to the satisfaction and well-being of the individual or
the collective. In particular, the satisfiers corresponding to the existential needs of “be-
ing” refer to the individual or collective attributes, expressed with nouns, which refer to
aptitudes—or particular inclinations—expressions of character, and personal values; the
satisfiers corresponding to the needs of “having” represent the tools to contribute to these
attributes. These tools can be norms, relational mechanisms, attitudes, or information. The
satisfiers of “doing” are actions, individual or collective, expressed as verbs. These actions
are aligned with the satisfiers of “being” and “having”. Finally, regarding the satisfiers
corresponding to the need for “interacting”, places are used, in the spatial and temporal
sense, in which people relate to and self-determine. Their articulation of the satisfiers is an
essential element for realising total well-being, both individual and collective. If even one
component of the matrix fails, the quality of life would inevitably be affected. Therefore,
well-being arises at the level of the entire system once the right complementarities between
the different dimensions are met: The well-being is not reduced to the accumulation of
goods and services. The satisfiers are not exchanged and obtained through the market [63];
some have no exchange value and are neither exchanged nor exchangeable.

It should be remembered that the satisfiers do not respond univocally to needs. In the
H-SD economic model, the needs are correlated, and a single satisfier can satisfy more than
one. Conversely, a need may require more than one satisfier to be satisfied [31].

2.3. Designing Innovative AFN through the Max-Neef’s Matrix

Based on Max-Neef’s matrix, we defined a design method that we used to develop
and to propose the innovative AFN “Food Village”, which could potentially respond to all
stakeholder’s needs involved in the agri-food chain.

We based the design method starting from the Design Thinking (DT) approach. Today,
DT represents a methodology of action that guides transformation, evolution, and inno-
vation within the most varied economic sectors. DT was born to understand and identify
spontaneous mental strategies of the designer, leading to the construction of a project [64].

Specifically, considering DT based on the designer’s ability to integrate human needs,
the available material and technical resources, and a project’s constraints and opportunities,
it is required that the designer is simultaneously analytical and emphatic, rational and emo-
tional, methodical, and intuitive, oriented by plans and constraints, but spontaneous [65].
Some authors [66,67] call this attitude “abductive thinking”, from the idea of Peirce [68]
that affirmed that the deduction or induction could not elaborate a new idea using data

72



Foods 2022, 11, 1447

acquired in the past. In this sense, “abductive thinking” considers feelings and emotions as
important as rationality. In DT, “abductive thinking” is related to the “perceptive cogni-
tion”, defined as “basic skill in the creation of new realities and artefacts” [64] (p. 3). In
DT, “perceptual cognition” (feelings and emotions) and rationality are complementary to
give full development to the “abductive reasoning”, that is, to thought with no anchorage
regarding past data and experiences. According to Tschimmel [69], this premise is the basis
of DT.

Stickdorn and Schneider [70] argued that the first step in developing a DT model is
the design of the process itself; it changes according to the context in which the good or
service is created. Therefore, it differs from project to project [64]. This vision corresponds
to “constructivism”, the project’s success depending on the social actors and interaction
environment of constructivism.

As mentioned before, we decided to base the construction of the design process on the
Max-Neef matrix in order to identify the needs of stakeholders in the economic process.

Moreover, aiming to display the results of this work, DT techniques were considered;
in particular, both the principles of abductive reasoning and storytelling, a communication
and dissemination tool, were used.

The method arranged can be summarised in the following stages represented in Figure 1.

Figure 1. Design method.
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2.4. A New Food Supply Chain Model for a New Economic Paradigm

The method presented previously aimed to define rational modus operandi for de-
veloping the new supply chain model that respects social, economic, and environmental
sustainability. The various phases and a brief explanation of each are reported below.
Furthermore, the matrices of the needs of five social categories (consumers, producers, own-
ers or financial partners, employees, collectivity) are designed. Supplementary Materials
reports the matrix of consumers (Table S1), producers (Table S2), holders (Table S3), em-
ployees (Table S4), and collectivity (Table S5) and the clustered design elements (Table S6).

The application of the design method is described as follows:
1. Definition and observation of the reality and context. As previously presented,

a literature review on AFNs was conducted, clarifying the difference between them to
understand the mechanisms that can facilitate or hinder the change in scale within the
value chain.

2. Definition of the project objective and values. The new supply chain model rep-
resents a virtuous example of social, economic, and environmental sustainability through
good practices and a specific value heritage. The values of H-SD, CE, and the Common
Good are shared, such as those of reciprocity, fraternity, gratuitousness, happiness, and
human dignity, solidarity, and social justice, environmental sustainability, transparency,
and co-determination.

3. Definition of context stakeholders. This definition was partly made by referring to
a Manual for drafting a report on the Common Good Sheet (https://www.ecogood.org/)
(accessed on 2 December 2021) and applied to the following five categories:

- Customers or consumers: the end-users of the goods or services provided by the
supply chain.

- Producers or suppliers: subjects who sell their products through the supply chain channel.
- Holders or financial partners: those who make their own or third-party capital avail-

able. Financial service providers also belong to this category, companies that deal with
transactions, insurance, and asset or financial advice.

- Employees or collaborators as active operators within the supply chain space: people
who perform duties in the sales or purchase point, seasonal and non-seasonal agri-
cultural workers, and all those who provide their service in one of the production
process phases.

- Collectivity or social context, all groups that indirectly experience entrepreneurial
actions while focusing on residents close to the supply chain and potentially criti-
cal NGOs.

4. Elaboration and analysis of the satisfaction of stakeholders’ needs based on

Max Neef’s Needs Matrix. The needs of the five categories chosen were classified into
existential and axiological [62]. Therefore, the five matrices report on the abscissa the
need for being, having, doing, interacting, and on the ordinate, subsistence, protection,
affection, understanding, participation, leisure, creativity, identity, freedom, and spirituality.
The latter was added as essential for achieving complete well-being: spirituality can
be understood as how human beings experience transcendence or connection to a higher
system or power [71]. This sense of connectedness may or may not have religious affiliations.
According to Max-Neef [31], the satisfiers must be declined according to precise criteria
and the existential and axiological needs they respond to. Hence, these can take different
forms, such as an attribute, noun, verb, or condition. The satisfiers were also identified by
considering the degree to which they improve or inhibit individuals’ well-being concerning
themselves, the community, or the environment [61]. Finally, their complementarity was
considered to achieve complete well-being. The satisfiers’ classification based on how
each affects the different dimensions of well-being has made it possible to highlight how
the freedom and autonomy of individuals can be significantly influenced by changing or
shaping certain social and economic mechanisms. The satisfiers are reported in the first
four columns of Tables S1–S5 in the Supplementary Materials.
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5. Definition of the design elements starting from the analysis of the needs of

each stakeholder. This phase represents the real innovative contribution to the Max-
Neef method in studying the needs of a certain community. Once the satisfiers had been
identified, they were matched with concrete actions or tangible tools for satisfying needs.
These were named “design elements”, representing the true answers of the applied analysis
system. The design elements can be found in the last column of Tables S1–S5 in the
Supplementary Materials.

6. Internal clustering. The clustering work allows a clearer view of the design
elements for each category, thus having an operational purpose. In this study, the design
elements of each social category are grouped into seven macro-areas: “Values/principles”,
“Governance/training model”, “Training”, “Spaces”, “Communication”, “Cooperation”,
“Characterizing elements”. The clustered elements are shown in the first five columns of
Table S6 in the Supplementary Materials.

7. External clustering. The comparison between the design elements of the vari-
ous social categories ascertains their consistency concerning the subjects and the value
heritage attributed to the supply chain. Furthermore, this allows us to understand the
useful answers for several categories simultaneously and streamline the supply chain
design. The overall design elements can be found in the sixth column of Table S6 in the
Supplementary Materials.

8. Development of “design solutions”. Some answers were elaborated. With these,
we give substance to the design and organicity and completeness of the project work. The
answers clearly outline the actions necessary for the realisation of the supply chain. The set
of design solutions determines the concept of the supply chain model elaborated here.

9. Elaboration of the “concept” of the economic process model using the DT “sto-

rytelling” technique. Through this research work, a narrative form has been provided to
the design work; then, the elaborated supply chain model has been described in words.
Finally, in the following paragraph, a detailed discussion has been reported.

10. Verification of the design work. In DT, the innovative product or service is tested
by submitting it to a panel of potential end-users to estimate its usefulness. Analyses were
carried out on the propensity of consumers regarding the “The Food Village” concept using
scientifically validated econometric tools. The results of this analysis will be presented in a
future contribution.

3. Results

The “Food Villages”: An Innovative Food Network Concept Proposal

The proposed “Food Villages” model promotes food resilience, health, environment
care and defence, social aggregation, relationality, enhancement, and cultural biodiversity
promotion, agroecology, and economic processes for the common good (increase in employ-
ment, fair compensation and rights of workers, appropriate production and services, etc.).

The model aims to establish a “Food Community” where the needs of all stakeholders
can be satisfied. It is a prototype of an agri-food chain based on the ecological, civil,
common good, and happiness economy principles to achieve the common good. The heart
of the project is the “Community Pact for Food”, a set of shared values and practices around
food, its production, impact on the environment, the economy, and society.

The base innovation is established on the concept that consumers, local producers, and
the Food Village’s employees can be involved in the same legal entity, which combines sup-
ply, processing, and marketing to create a fair and ecological supply chain. The economic
process could be ecological and achieve efficiency, redistribution, and relationality, thus
becoming a tool for the development of the common good. Therefore, the “Community
Cooperative” has been identified as the legal subject of the model.

Within this economic space, the needs of consumers and small–micro local producers
are met and compared. The agricultural producers must create a stable income, receive
fair compensation, operate in good working conditions, and improve the efficiency of
production; at the same time, consumers need to constantly buy healthy and sustainable
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products at a fair price, and optimise their use of time, live spaces of relationship, and
increase their awareness and self-determination.

The possibility to adhere to the “Community Cooperative” will be open and each kind
of member will pay a membership fee to become part of it.

The products of the member farms conferring to this “Community Cooperative” will
be sold within the Food Market.

Specifically, the food products’ supply sold in the Food Market will include three levels:
(1) “ultra-local”, characterized by the supply of members of the Food Village, located

up to a maximum of 50 km away from the Food Market; this share of products will
represent at least 20% of the total offer. All the ultra-local food products within the Food
Market will be produced according to agroecological criteria or conferred by farms that are
progressively in transition to agroecology, thus facilitating the involvement of local farms
that would otherwise have been excluded.

(2) “local”, characterized by the supply of non-associated farms located up to a maxi-
mum of 200 km away from the Food Market; this share of products will represent at least
50–60% of the total offer.

(3) “local extended” characterized by the supply of non-associated farms, located up
to a maximum of 500 km away from the Food Market; this quota will represent at least
20–30% of the total offer and will concern all those products that cannot be produced in the
local area. The products that cannot be cultivated in the area, such as coffee, tea, cocoa, etc.
will also be sourced beyond 500 km away from the Food Market.

This supply structure was designed to increase the goods variability, according to the
quality criteria expressed by the consumers.

Household economy products with specific eco-sustainability certifications would
also be sold in the Food Market.

The Food Market will allow consumers to have constant access to various products
purchased in bulk or using eco-sustainable packaging where this is not possible. For those
interested in reducing the use of cars, the Cooperative will organise a shopping delivery
system three times a week. For those interested or in need, but also to reduce the use of
cars, the Cooperative will organise a shopping delivery system three times a week.

The Food Market was planned to allow consumers to have constant access to a wide
variety of products, something that rarely happens in short-chain models such as SPG
and OGSD.

A micro-transformation system and storage will be created through modules owned by
the cooperative (See for example Self-Globe modular plants (https://www.selfglobe.com/)
(accessed on 10 June 2021) to reinforce the cooperative member’s local farmers’ role in the
food supply chain.

The micro transformation could involve different kinds of activities such as a mill, a
pasta factory, cheese factory, oil mill, seed cleaning, slaughterhouse, fruit and vegetable
processing and transformation, etc.

The transformation processes will be carried out by a dedicated staff of the Cooperative.
It will allow small and micro local agricultural farms participating in the Cooperative to
transform their production; in fact, usually, these farms are forced to sell to wholesalers
and large-scale retailers because they do not produce adequate quantities, thus foregoing
fair compensation to limited quantities of agricultural production.

The micro-transformation modules will allow producers to raise their net income per
hectare conferred through an internal redistribution of the surplus achieved by processed
products. Road transport is reduced when the processing and marketing sectors are located
in a single place.

Beyond the products supplied by local producers, the Food Market will be supplied
according to traditional methods, based on the quality criteria expressed by the consumers
themselves. Although there will be particular attention on the eco-sustainability of the
supply chains involved, the Food Market of the “Food Village” could also sell all the kinds
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of products that a traditional supermarket usually sells. Thus, the Food Market purchasing
agents will also be able to source from both non-local producers and distributors.

Contiguously to the Food Market, spaces for participatory democracy are provided for
social assemblies, co-planning of prices and production, and the participatory certification
of the local production. All spaces will be built according to bio-ecological architecture
for their autonomous energy requirements. Additionally, they will provide permanent
training to local producers on agroecology, business management, production processes,
agronomic best available technologies (BAT), crop accounts, and price formation. More-
over, consumers will be provided with courses on healthy lifestyles (balanced nutrition,
physical activity/sports, self-awareness practices, facilitation and participation techniques,
education in relationships, etc.); territorial, national, and international dissemination and
enhancement of food cultures will also be organised.

Figure 2 shows a brief graphical summary of the principal characteristics of the
“Food Village”.

 

Figure 2. Food Village characteristics.

These spaces for participatory democracy could also be used to implement ecolog-
ical transition projects (e.g., purchasing groups of green technologies such as solar and
photovoltaic panels, electric bicycles, etc., as well as repairing and reusing objects).

Entertainment and catering sites are provided (such as a bar, restaurant, street food,
theatre, etc.) to meet and attend artistic performances (music, presentations, books, read-
ings, etc.) to facilitate the community aggregation. Restaurants mainly use products
provided by members, thus creating another earning opportunity for the producers. Fur-
thermore, the Cooperative could organise visits to the member farms to strengthen the
sense of community, bond with the territory, and agricultural production.

“Food Village” is a replicable model; according to the needs and characteristics of a
specific area, each “Food Village” Cooperative can open Food Markets separate from the
headquarters to facilitate its increased usability. This is important in large cities where the
space required to implement micro transformation and promote social aggregation and
participatory democracy is unavailable in the city centres.
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In each area, the Community Cooperative will aggregate the local offer and involve
new farms based on the actual member’s consumption. This, along with the reduction
in food waste at the trade phase, will stabilise the income for producers who could have
the guarantee of selling their products even before production due to supply contracts.
Furthermore, the procurement contracts established with the producer members could
be confirmed annually, making the farm’s economic flows stable. A protocol could be
defined within the cooperative regulations, governing the contractual relations between
the cooperative and its producer members. The quality standards for production will be
established for agroecological farmers and those in the agroecological transition process.

The product quality standards defined in the contracts will be verified through a
participatory certification system in which the members are involved. If a producer fails to
supply the Cooperative, the needs may be reallocated to other members in the same village
or neighbouring villages. Software to coordinate operators and manage the compensation
for production failures will be developed.

Moreover, the system will facilitate the work exchange and sharing of means of
transport within the network to optimise resources, increase efficiency, and reduce costs of
the production system. The Cooperative could facilitate the purchase, shared use of the
production machinery, and reuse production waste within the farms involved or externally
to implement circular productive and economic processes. This approach would raise the
quality of the production system in ecological terms and also reduce production costs.

A “co-planning of production” model will be applied, stabilising producer members’
income and cost-saving by consumers in terms of a discount. This process will regard
the “ultra-local” farmers and it will be developed in two phases. In the first phase, two
months before the start of the agricultural season, consumers must indicate their weekly
food needs (expressed in kg) for each food class (bread, pasta, vegetables, fruit, meat, etc.);
namely, their food preferences in terms of the type of food consumed. Due to a dedicated
calculation system, consumers will compare their food needs with an average balanced
diet based on the Mediterranean diet. Thus, consumers could analyse their consumption
and modify it if they deem it appropriate. Consequently, a pre-order to the cooperative will
be placed based on the consumer’s food preferences using a matrix. Based on the previous
year’s prices, the system estimates the expense and consumers decide whether to continue
the order. Then, they must indicate the supply period: three, six months, or one year to
simplify logistics for producers.

The second phase develops into participation paths to decide the prices of the products
together. A “commission of members” (producers and consumers) will be created to define
the annual price of food produced by farmer members. The definitive price from the
co-design process will consider (1) the production costs and an agreed percentage surplus
concerning the average national unitary income for the crop or food supplied; (2) the
processing and marketing costs; (3) the replication or dissemination costs of the project
(opening new Food Villages); (4) the discounts extended to members based on their degree
of participation.

Once the prices are defined, the consumers can confirm, cancel, or modify their order.
Once the order is confirmed, consumers will receive the products on a weekly basis, from
the moment of harvest.

This process of price formation, excluding profits, will enable increased accessibil-
ity to food (fair price), adequately pay producers (fair compensation), and disseminate
environmentally sustainable agricultural practices.

The “commission of members” supports the Food Market purchasing agents in select-
ing products that will be bought from producers outside the Cooperative to ensure that the
product prices respect the principles of fairness and accessibility. Every three months, the
commission will check if there is a need to revise selling prices.

The Food Market will be structured following the model of FCPS that requires each
member to work three hours a month within it to buy products.
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This model is now widely tested. It has yielded significant results both in creating
social aggregation, a sense of community and solidarity, and in promoting a fair and
environmentally sustainable way of supplying food. In fact, it is possible to buy high-quality
food, often organic and local, at affordable prices within the FCPS. In the Food Villages,
there will be voluntary (non-compulsory) possibilities to participate in the FCPS model.

Members making their contributions to the Food Village system can have access to a
dedicated discount. Specifically, those who participate in the “co-planning of production”
will access up to 10% of discounts concerning the co-planned products, while a 20% discount
on all products sold in the Food Market will be provided for those who participate in the
FCPS. Consumers that adhere to both models will access up to 30% of discounts concerning
the co-planned products and a 20% discount on all products sold in the Food Market.

Members that participate in none of these activities, will be allowed to purchase and
participate in all initiatives (educational activities, social events, etc.), while the consumers
that are not members will be allowed only to purchase.

The “Food Villages” could represent “solidarity communities”, namely, social spaces
where reciprocity is practised and one takes care of the other. Initiatives to meet the needs
of the weaker social groups and emancipate those with difficulty in integration, including
campaigns to satisfy fundamental human rights, promoting interculturality and inter-
religiousness, work placement, right to housing, and food support (see the Last-Minute
Market (https://www.lastminutemarket.it/) (accessed on 15 July 2021) experience and
Banco Alimentare (https://www.bancoalimentare.it/it) (accessed on 15 July 2021), will
be supported.

The community dimension and values expressed by the Food Villages and the tech-
nical, logistic, and governance models on which they are based on make Food Villages
a real CE and ECG prototype. Therefore, to measure the impact of this model on the
socio-economic and environmental fabric, the Food Villages will adhere to the guidelines
of the ECG. Moreover, they will carry out the “Common Good Balance Sheet” annually.
The “Common Good Balance Sheet” will also allow the Cooperative to foresee actions to
improve Common Good and redirect the production processes of the partner farms of the
Food Villages for the common good.

4. Discussion

This study proposed a new food supply chain model by reviewing four AFN models
highlighting their characteristics, potential, and limits. Although AFNs promote an eco-
sustainable paradigm change in the food chain, the current examples cannot provide an
alternative capable of large scale spreading due to some constitutive limitations on their
structure and governance explained previously. Therefore, we argue that an alternative
should have the ability to “jump the scale”.

Our proposal is based on considering all the needs of all stakeholders in the supply
chain simultaneously, as neither the current large-scale distribution nor the AFNs do that.
Therefore, the Needs Matrix developed by Max-Neef within the economic model of H-SD
was used to identify the needs (and their satisfiers) of all stakeholders in the supply chain.
In contrast, the methodological framework of DT was used to develop a systematic and
comprehensive design procedure. Therefore, the design model was built based on the
criteria of the H-SD economic model and was intended to be a tool for spreading the vision
and values, starting with the restructuring of economic processes.

Through the elaborate design method, the “Food Village” model was shaped and
proposed in this study as a food supply network far from the current economic mechanisms
and based on the community. Starting from the needs of the stakeholders, the design has
allowed the strength of the community in creating economic processes that simultaneously
allow sustainability, equity, reciprocity, and freedom as envisaged by the vision of the CE
and the ECG to be enhanced. Basing governance on the community has favoured construct-
ing a logistic and economic system capable of systemically incorporating all the system
elements that favour sustainability (circular economic processes, agroecology, participatory
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governance, fair price or fair compensation, bio-architecture, etc.). Finalising the elements
of the system to respond to current needs has opened up space for new processes within the
economic exchange. An example is the co-design of prices. Establishing the Food Village
on a community cooperative invests micro-transformation modules of local production
on-site as a venture for all the stakeholders. Thus, this technology reduces the intermediary
costs, leaving a greater margin for producers and consumers to compare and identify a fair
price or fair compensation in a participatory process. Such a structured economic process
promotes social interactions based on reciprocity by opening the space to a more cohesive
society. Moreover, the model of the Food Village can be a powerful tool in promoting
the rural economy, increasing the food resilience of the area, and reducing environmental
impacts on the territory.

Following its application to the food supply chain, the proposed design system effec-
tively identifies the satisfiers and design solutions capable of simultaneously promoting
the different stakeholders’ satisfiers. Therefore, the Max-Neef Needs Matrix is an excellent
analytical tool. Furthermore, the proposed method is useful and adaptable to economic
contexts other than that of the Food Chain. Therefore, this procedure was considered a
useful tool for the design of new economic processes capable of responding to the needs of
all stakeholders.

The main limitation of this system is the length of time required for the need analysis
process and a certain redundancy of the initial design elements. Therefore, in this model,
these latest approaches are subsequently clustered.

This study aimed to provide a way of “moving alternative food networks beyond the
niche” [25] (p. 1). Thus, further research and exchange of opinions are expected to arise
from our food for thought.
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Abstract: As part of the “Innovations in the Food System: Exploring the Future of Food” Special Issue,
this paper briefly reviews studies that highlight a link between deep-sea fishery resources (deep-sea
food resources) and vulnerable marine ecosystems (VME), species, and habitats in the Mediterranean
Sea, providing new insights into changes in commercial and experimental catches of the deep-sea
fishery resources in the central Mediterranean over the last 30 years. About 40% of the total landing of
Mediterranean deep-water species is caught in the central basin. Significant changes in the abundance
of some of these resources with time, sea-bottom temperature (SBT), and fishing effort (FE) have
been detected, as well as an effect of the Santa Maria di Leuca cold-water coral province on the
abundance of the deep-sea commercial crustaceans and fishes. The implications of these findings
and the presence of several geomorphological features, sensitive habitats, and VMEs in the central
Mediterranean are discussed with respect to the objectives of biodiversity conservation combined
with those of management of fishery resources.

Keywords: seafood; fisheries resources; vulnerable marine ecosystem; environmental change;
conservation; Mediterranean

1. Introduction

Seafood is a fundamental source of proteins and nutrients for human nutrition. Its
global consumption has increased since 1960 at rates per year higher than that of all
land animals, combined and individually (i.e., bovine, ovine, porcine, etc.), except for
poultry [1]. However, with the increasing demand for sea products, most of the fishery
resources of the world’s oceans have been overfished, and many are in a condition of
variable levels according to the vulnerability of the different species. In addition, the
overfishing condition of continental shelf fish resources has pushed the fishing activities to
move towards the exploitable living resources of the deep sea [2–4]. In this regard, deep
waters (i.e., beyond the continental shelf, and deeper than approximately 200 m) have acted
as a refuge for several stocks with an extensive vertical distribution, where no fishing was
occurring until the first decades of the last century [5]. With the expansion of fishing to
deeper waters, favoured by the development of new technologies, muddy deep bottoms
and other deep-water refuges—such as soft-bottom coral gardens (CGs), cold-water coral
(CWC) reefs, submarine canyons (SCs), and seamounts (SEs)—have been affected by this
activity, and may no longer play their role of providing structure, food, and shelter for
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fishery resources. All of these deep-water ecosystems have been identified as hotspots of
biodiversity (e.g., [6–8]), and since they can be valuable fishing sites, due to the occurrence
of large sizes and high abundances of commercial species, they are often impacted by
commercial fishing [9–20]. Fisheries for some deep-sea fish stocks have also collapsed due
to heavy pressure on species whose life history traits do not make them well-suited to
an intensive harvest [3,4,21]. In fact, deep-sea fish species have a longer lifespan, slow
growth, and later sexual maturity, and are consequently more vulnerable and less resilient
to overfishing [22–27].

The EU began to deal with deep-sea fisheries in 1992, as a result of assessments carried
out by the International Council for the Exploration of the Sea (ICES), who stated that
most of the deep-water species of commercial interest were overfished [28]. The current
scientific evidence suggests that many deep-sea fish stocks are being exploited beyond
sustainable levels [23,29–32], thus emphasising the need to improve the management of
these species [3,32–35].

It is well-known that fishing can impact harvested populations directly by excessive re-
moval of individuals, and indirectly by reducing habitat complex structures that guarantee
their bioecological activities and provide protection from predators, as well as from adverse
physical factors (e.g., [36–40]). Globally, around 40% of trawling fishing grounds are on
waters deeper than the continental shelf [41], and several deep-sea habitats and ecosystems
have been impacted by fishery activities, with consequent depletion of or reduction in
economically important species (e.g., [3,9,21,42–45]).

According to the FAO [46], vulnerable marine ecosystems (VMEs) are groups of
species, communities, or habitats that may be vulnerable to impacts from fishing activities.
Corals, together with sponges, echinoderms, molluscs, and other epibenthic species, play
a significant role in the formation of VMEs. Furthermore, most coral taxa are included
in relevant lists of protected species, such as the Red List drawn up by the International
Union for the Conservation of Nature (IUCN) [47–50]. Their vulnerability is linked to their
likelihood of experiencing substantial alterations from short-term or chronic disturbances,
as well as to their difficulty in recovering (for example, slow growth rate, late age of
maturity, low or unpredictable recruitment, and long life expectancy) [51–55]. In addition,
there is sufficient evidence that VMEs act as essential fish habitats (EFHs), defined as “those
waters and substrates necessary to fish for spawning, breeding, feeding, or growth to
maturity” [56–58]. Therefore, there is an international consensus in favour of the protection
of VMEs in order to combine conservation and fisheries-management objectives according
to the ecosystem approach to fisheries (EAF) [46,59–64].

Fish consumption has always been an important part of people’s diets around the
Mediterranean Sea. The annual production of about 788,000 tonnes, for a total revenue
of USD 3.4 billion, offers employment opportunities to several hundred thousand people,
supplies seafood products for human consumption to local and regional markets, and
creates many other indirect benefits, although fisheries and related activities also produce
a large amount of marine litter (including plastics) as a global increasing threat [1]. In
the Mediterranean Sea the exploitation of deep-water resources only started in the first
decades of the last century. In particular, the deep-water red shrimps Aristaeomorpha
foliacea (giant red shrimp) and Aristeus antennatus (blue and red shrimp) were the target
species for deep-water bottom trawling in the 1930s in the Ligurian Sea, where catches of
these two shrimps were between 100 and 200 kg/day and, after the Second World War,
they could be up to 1000 kg/day per boat [65,66]. In the 1940s, these resources began to
be exploited in the Catalan and Balearic seas, and subsequently in other Mediterranean
areas [67]. In the Mediterranean Basin, the development of deep-water commercial fisheries
was due to the narrowness of the shelf, crossed by several submarine canyons, as well
as the growth of the human population along the basin and high demand for a much-
appreciated food. However, considering the multispecies nature of the Mediterranean
fisheries, the deep-water red shrimps are mostly caught in bathyal muddy bottoms, between
400 and 800 m, together with many other valuable demersal species, such as the European
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hake (Merluccius merluccius), the deep-water rose shrimp (Parapenaeus longirostris), the
Norway lobster (Nephrops norvegicus), the blackspot seabream (Pagellus bogaraveo), the
greater forkbeard (Phycis blennoides), and the wreckfish (Polyprion americanus). Other deep-
water species of commercial interest, such as the blue whiting (Micromesistius poutassou),
European conger (Conger conger), blackbelly rosefish (Helicolenus dactylopterus), angler
(Lophius piscatorius), blackbellied angler (Lophius budegassa), blackmouth catshark (Galeus
melastomus), bluntnose sixgill shark (Hexanchus griseus), golden shrimp (Plesionika martia),
southern shortfin squid (Illex coindetii), European flying squid (Todarodes sagittatus), and
lesser flying squid (Todaropsis eblanae), represent additional components of deep catches.
Most of the fish species are commonly caught with trawl nets, longlines, and gillnets, while
crustaceans and cephalopods are fished mainly with trawl nets, and sometime with pots.

Most of the abovementioned species are distributed across a wide depth range, be-
tween shelf and slope; some of them are typically distributed in deep waters. Moreover,
past and recent investigations in deep-sea habitats with a complex and heterogeneous
structure—such as coral ecosystems, submarine canyons, and seamounts (now considered
VMEs)—have proven that most of the abovementioned species use these types of habitats
for shelter, feeding, spawning, and nursery (e.g., [20,58,68–71]). Indeed, habitat features
play an important role in determining the structure of species assemblages, and habitat loss
may impact—albeit in different ways—on all life stages and critical phases of the different
species [38,72]. While adult individuals may not be strictly affected by habitat as juveniles,
the detrimental effects of habitat loss on juvenile survival may have longer-term impacts
on adult populations [73].

The innovation and sustainability of the food (in the present case, the fishery resources
represented by deep-sea fish, crustaceans, and molluscs) used by humanity are mainly
based on the systems where it is produced (i.e., the deep-sea sensitive habitats and VMEs),
and on the systems that allow its harvest (i.e., the fishing techniques). As part of the
“Innovations in the Food System: Exploring the Future of Food” Special Issue, this paper
aims (1) to briefly review studies that highlight a link between deep-sea fishery resources
and VMEs in the Mediterranean Sea; (2) to provide new insights into commercial and
experimental catches of the deep-sea fishery resources in the central Mediterranean for
the past 30 years; (3) to evaluate changes in the abundance of these resources with time,
sea-bottom temperature (SBT), fishing effort (FE), and depth; and (4) to reveal an effect
of the Santa Maria di Leuca cold-water coral province on the abundance of the deep-
sea fishery resources. The implications of these findings and the presence of several
geomorphological features, sensitive habitats, and VMEs in the central Mediterranean
are discussed in terms of conservation of biodiversity, combined with the sustainable
management of the fishery resources.

2. Materials and Methods

Data on food resources from deep-sea sensitive habitats and VMEs in the whole
Mediterranean basin refer to international volumes and publications, and references therein
(e.g., [11,55,67,68,74–77]).

In order to define the contribution of the most important commercial deep-sea species
as food resources from the depths of the Mediterranean Sea, landing data from official FAO
statistics were explored (https://www.fao.org/fishery/statistics-query/en/gfcm_capture/
gfcm_capture_quantity, accessed on 12 January 2022), focusing on the central part of the
basin (Figure 1).
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Figure 1. Average total landing (L) of deep-sea commercial species for each FAO Mediterranean
subdivision, expressed in tonnes (t) and percentages (%), calculated for the period 1994–2019. FAO
subdivisions are coded as Balearic (BAE, 1.1), Gulf of Lion (G. Lion, 1.2), Sardinia (SAR, 1.3), Adriatic
(ADR, 2.1), Ionian (ION, 2.2), Aegean (AEG; 3.1), and Levant (LEV, 3.2).

The temporal trends over a period of 25 years (1994–2019) were analysed by means of
Spearman’s non-parametric correlation.

New observations from the central Mediterranean, the southwestern Adriatic, and the
northwestern Ionian, as well as on muddy bottoms of the northwestern Ionian Sea, were
derived from data collected as part of national and international study projects carried
out in the last two decades by the ecology team from the Department of Biology at the
University of Bari Aldo Moro. In particular, data from deep-sea sensitive habitats and
VMEs were taken using different low-impact fishing techniques [12,71,78–85], while data
from muddy bottoms were collected during the Mediterranean Trawl Surveys (MEDITS)
programme, included in the EU Data Collection Framework to date [86]. The MEDITS
surveys are carried out in the Mediterranean from late spring to summer every year,
according to a standardised protocol that includes gear characteristics, haul duration, and
sampling procedures, following a depth-stratified random design, from 10 to 800 m in
depth [86–89].

Using MEDITS data, the abundances in weight (expressed as biomass index kg/km2)
and numbers (expressed as density index N/km2) of the deep-sea species distributed on
deep muddy bottoms (200–800 m) of the northwestern Ionian Sea (Figure 2) were evaluated
for the period 1994–2020, and their changes over time were tested using Spearman’s non-
parametric correlation. Data on the sea-bottom temperature (SBT) were recorded using a
probe at the start and the end of different MEDITS hauls carried out from 1998 to 2020, and
an average value of SBT was computed per year. The fishing pressure of bottom trawling
fleets on the resources of the northwestern Ionian Sea was analysed using fishing effort (FE)
data, in terms of number of vessels and gross tonnage (GT). Data were obtained from the
European Fishing Fleet Register (http://ec.europa.eu/fisheries/fleet/index.cfm, accessed
on 12 January 2022) for the period 1994–2020. The relationship between abundance of
the deep-sea species and SBT was evaluated using linear regression analysis. Spearman’s
non-parametric correlation was also applied to the abundance data in weight (kg/km2) of
the deep-sea species that showed a significant trend over time versus the FE—expressed as
the total annual number of vessels—throughout the study period.
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Figure 2. Topographic features, highs, banks, canyons, sensitive habitats, and VME species and
habitats along the southwestern Adriatic Sea and northwestern Ionian Sea (central Mediterranean).
GS = Gondola Slide; BC FRA = Bari Canyon Fisheries Restricted Area; SML FRA = Santa Maria di
Leuca Fisheries Restricted Area; TC = Tricase Canyon; GC = Gallipoli Canyon; TT = Taranto Trench;
AS = Amendolara Shoal; CB = Crotone Bank; SGCS = Squillace Gulf Canyon System; PSB = Punta
Stilo Bank; SCCS = South Calabria Canyon System; SMC = Strait of Messina Canyon; triangle = hard
bottom corals; asterisk = hard- and soft-bottomed corals [58,81,90–97]; lined areas = Isidella elongata
facies [98]; NA = sampling area near the SML FRA; FA = sampling area far from the SML FRA.

Furthermore, for the shrimps A. foliacea and P. longirostris, due to correlation between
environmental covariates (ρ = −0.73, p < 0.001), and in order to avoid multicollinearity
problems, linear regression models were estimated to investigate the dependence between
log-transformed abundances and environmental drivers (i.e., SBT and FE). Transformed
responses ensure, in these cases, that the model assumptions are met. For both species,
s = {A. foliacea, P. longirostris}, and for each yz with z = {abundance in weight, abundance in
number}, the linear model is specified as follows:

log(y(s)
z ) = β

(s)
0 + β

(s)
1 x(s)i + ε(s) (1)

where xi represents the independent covariate, with i = {FE, SBT}.
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Using linear regression analysis, the relationship between length and depth was
evaluated for M. merluccius, P. bogaraveo, P. blennoides, H. dactylopterus, and Galeus melastomus,
collected both on muddy bottoms with the MEDITS trawl net and in VMEs with an
experimental longline (e.g., [81]), and the boxplots of the length were represented for all of
these species in both habitats.

In order to detect an effect of the presence of a VME on fishery resources, MEDITS
abundance data on the weight and number of the species A. foliacea, P. martia, M. merluccius,
P. bogaraveo, P. blennoides, and H. dactylopterus, for an area near the Santa Maria di Leuca
(SML) cold-water coral (CWC) province (NA), were compared with those of other species
far from this coral province (FA) (Figure 2). Data from 54 trawl hauls, carried out between
200 and 800 m, were used for each area. Relative boxplots of the abundances in weight
and number were produced, and the differences in the abundances between the two areas
were tested using the Kruskal–Wallis non-parametric test. The pressure of fishing activity
in these two areas was assessed in order to exclude effects due to this activity on the results
of the comparison between the two areas. Specifically, FE was calculated for NA and FA by
aggregating the fleets operating close to the two areas. In particular, the fleets of Gallipoli,
Leuca, and Otranto were considered for NA, while those of Corigliano Calabro and Cirò
Marina for FA. The differences in the species abundances between the two areas were tested
using the Kruskal–Wallis non-parametric test.

3. Review of the Mediterranean Studies on the Link between Deep-Sea VMEs and
Fishery Resources

In the Mediterranean Sea, the deep-water resources are mainly exploited by trawl
fishing on the soft bottoms of the bathyal grounds. However, there are areas characterised
by the occurrence of VME species on soft and hard bottoms, canyons, and seamounts,
where the fishing is carried out using different types of gears.

3.1. Open Slope, Soft Bottoms

Between the shelf break and descent to bottoms deeper than 1000 m, soft corals can
be found that can form dense aggregations on soft bottoms—called sea pen fields, sea fan
corals, and arborescent corals—which build up coral gardens or coral forests. Coral gardens
can develop on soft or hard substrata, depending on the habitat-forming species. Both sea
pen fields and coral gardens and/or coral forests contribute to making more heterogeneous
and complex habitats, attracting mobile and swimming fauna [55].

The sea pen fields built up by the octocoral Funiculina quadrangularis are mostly dis-
tributed on the upper slope, generally at less than 400 m in depth, on soft muddy habitats
characterised by noticeable bottom currents. These habitats are commonly inhabited by
commercially valuable crustaceans, such as the deep-water rose shrimp (P. longirostris) and
the Norway lobster (N. norvegicus). Soft-bottomed coral gardens, structured by the gor-
gonian Isidella elongata (bamboo coral), can be found from the shelf break down to 1600 m.
The valuable deep-water red shrimps (A. antennatus, A. foliacea) and the golden shrimp
(P. martia) are frequently associated with these coral gardens [11,54,66,99–101]. Bamboo
coral seems to play a role in habitat formation, increasing the three-dimensional habitat
complexity on flat bathyal bottoms with its candelabrum-like shape. As a passive feeder,
its occurrence is often associated with plankton-rich currents which, in turn, favours a high
density of prey, such as pandalid shrimps and other crustaceans [102–104]. These prey ani-
mals attract predators of different trophic levels, such as the abovementioned deep-water
red shrimps, bony fishes (e.g., M. merluccius, P. blennoides, H. dactylopterus, P. bogaraveo, L.
boscii), and sharks, such as the lesser spotted dogfish (Scyliorhinus canicula) and the black-
mouth catshark (G. melastomus), along with cephalopods (e.g., I. coindetii, T. sagittatus, T.
eblanae), all of commercial interest [70,98,105–107]. In addition to the important implications
as a feeding area for bentho-pelagic species, the arborescent complexity of the colonies
could further act as shelter and spawning/nursery sites for several species that can grow
to greater sizes than in areas where bamboo coral does not occur [98,104,107,108]. The
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commercial species associated with bamboo coral account for about 5% of all of the income
of the professional fisheries in the Mediterranean [34], with increasing landings—especially
in Italy and Spain—the main producers in Europe [55,109].

3.2. Open Slope, Hard Bottoms

Coral gardens or coral forests between the shelf break and upper slope are mainly
made up of antipatharians and alcyonaceans. Among the former, the most widespread
species are Antipathes dichotoma, Parantipathes larix, Leiopathes glaberrima, and Antipathella
subpinnata, which form monospecific or multispecific forests [54,55]. Several commercial
fish species are often associated with these antipatharians (e.g., [52,108,110]). Alcyonaceans
are present on Mediterranean Sea with hard bottoms with several species, covering a
wide bathymetric range. The whip-like gorgonian Viminella flagellum and the fan-shaped
gorgonian Callogorgia verticillata are present in the bathyal zone at depths from 100 to 500 m
and from 150 to 1000 m in depth, respectively [54,55]. Off the southwestern coasts of
Sardinia, several fish species—some of commercial interest—have been observed hiding
among the colonies of L. glaberrima, while egg capsules of the shark S. canicula have been
found on the branches of this antipatharian at depths between 186 and 210 m [52,111].
The presence of egg capsules of this shark on L. glablerrima colonies had previously been
observed on El Idrissi Bank (Alboran Sea) at 647 m and 452 m [112]. Cau et al. [111]
suggested that the coral forest from a representative for southwestern Sardinia represent
nursery grounds for S. canicula.

In the eastern Ionian Sea, the shark G. melastomus and the teleost fish H. dactylopterus
were the most common fish species caught in the area, characterised by the presence of
black coral (L. glaberrima) and bamboo coral (Isidella elongata) [108]. The shark seems to
use the its habitat as a feeding area, and the teleost as a refuge area [108]; H. dactylopterus
was also found together with other commercial fish species, such as the silver scabbardfish
(Lepidopus caudatus), and the wreckfish (P. americanus) in a coral forest dominated by L.
glaberrima on the Malta Escarpment (310–315 m) [113].

The fishes that coral zooxanthellate reefs produce in tropical waters account for 17%
of animal protein consumed [114]. On the open slope of the Mediterranean Sea, there are
still hard bottoms characterised by cold-water coral (CWC) communities, including solitary
and colonial zooxanthellae cnidarians [94]. Colonial species have a complex branching
morphology, and are habitat formers. The main species, known as white corals, are the
colonial species Madrepora oculata and Lophelia pertusa (recently renamed as Desmophyl-
lum pertusum), as well as the solitary coral Desmophyllum dianthus. These species have
a broad frame-building ability, being able to deposit calcium carbonate and build up
durable biogenic substrata. CWCs, as passive suspension feeders, depend on the supply of
current-transported particulate organic matter and zooplankton for their trophic require-
ments. They are preferentially distributed on topographic irregularities on the slope, in
canyons and on seamounts, where there are strong currents and the sedimentation rate is
low [53,91,115–117].

CWC habitats are impacted by fishing due to the occurrence of large sizes and high
abundances of commercial species [9,10,13,16,18,58,70,118,119] and references therein]. The
presence of corals is generally known to the local fishers, who experience gear damage and
losses, although they often fish close to these areas with the aim of obtaining a greater catch
and larger specimens of valuable commercial species, such as the deep-water red shrimps
(A. antennatus and A. foliacea) and the European hake (M. merluccius). In fact, side-scan
sonar and underwater video images show the characteristic seabed scars of otter trawls
ploughing through the coral banks [12,82]. Longline is also used in these areas of complex
bottom topography, and is not accessible to trawling, so as to catch wreckfish, greater
forkbeard, blackbelly rosefish, blackspot seabream, and bluntnose sixgill shark [71,78,81].

CWC habitats provide a suitable ground for larval settlement and juvenile growth
of benthic species. They are spawning and nursery areas for vagile and swimming
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fauna, acting as an EFH for several commercial and non-commercial fish and inverte-
brate species [12,17,57,71,78–81,83,84,111].

3.3. Canyons

The fishing targeting the deep-water shrimps in the northwestern Mediterranean is
carried out on both the slope and the walls of the submarine canyons [11,14,67,120–124].

In the western Mediterranean, C. conger and P. blennoides are the fish species captured
with the highest biomass at the head of the Blanes Canyon [124]. The juveniles of some
deep-sea shrimps (e.g., Plesionika heterocarpus, P. edwardsii, P. gigliolii, and P. martia) and
fish (such as P. blennoides, Mora moro, and Lepidion lepidion) are found to be distributed
in the benthic intermediate nepheloid layers of the Blanes Canyon, which seems to act
as a nursery area for these species [125,126]. From the canyons in the eastern part of the
Gulf of Lions, blackmouth catshark and European hake are among the most abundant
species [15]. Spawning females of angler and European hake have been more commonly
observed within the submarine canyons of Petit-Rhône and Grand-Rhône than on the
adjacent open slope [15]. G. melastomus, H. dactylopterus, and P. blennoides are the most
frequently observed fish species in French Mediterranean submarine canyons characterised
by the presence of CWC species [17]. Discarded fishing gear, including entangled nets and
lines, has been observed in the canyons of the western Mediterranean where CWC species
thrive [17,127–129].

The shark G. melastomus and the teleost fish H. dactylopterus and P. blennoides are
the most frequently captured species in the Quirra Canyon (Sardinian waters), where
valuable species—such as the European hake and the deep-water red shrimps—are also
collected [130].

Eastward, in the Bari Canyon where CWC species thrive, the blackmouth catshark and
the teleost fish European conger, blackbelly rosefish, European hake, blackspot seabream,
and greater forkbeard have been found to be more abundant in the canyon than in the
adjacent area [71,81]. In particular, greater forkbeard showed significantly greater abun-
dance and biomass in the canyon than outside. Blackspot seabream are exclusively caught
inside the canyon. A greater number of both smaller and larger individuals of European
conger and greater forkbeard are found in the Bari Canyon than on the open slope. Mature
females and males are mostly observed in the canyon in all of the most abundant species,
indicating the role of the Bari Canyon as a refuge area and an EFH for fish species exploited
in the neighbouring fishing grounds [71,83]. Longline remains have been observed in this
canyon, which has a complex bottom topography and is not accessible to trawling [97].

Indeed, canyons seem to benefit and support fisheries [14,71,83,131,132], providing
spawning and nursery sites as well as refuges for several commercial species [15,17,69,79,
80,84,97,122,126,133].

3.4. Seamounts

Mediterranean seamounts also host habitat-former species, such as the deep-water
glass sponges, sea fans and sea pens, antipatharians—which form large forests up to
epibathyal depths—and cold-water corals, such as Dendrophyllia cornigera or the white
corals M. oculata and D. pertusum, which thrive at bathyal depths (e.g., [94,134,135]). Due
to the topographic and hydrographic conditions allowing the presence of habitat-former
species, the seamounts act as biodiversity hotspots, and attract bentho-pelagic fish and
migratory species, such as tuna, swordfish, sharks, and cetaceans, as well as several
demersal fishery resources [68,76].

The Ulisse Seamount (Ligurian Sea) is a fishing ground for semi-professional and
recreational fishermen targeting P. bogaraveo, M. merluccius, P. americanus, pink spiny lobster
(Palinurus mauritanicus), swordfish (Xiphias gladius), and red seabream (Pagellus acarne) [136].
In the 1970s, according to the number of hooks employed on the fishing line, the catches
were up to several hundreds of kilos, represented by wreckfish, blackspot seabream,

92



Foods 2022, 11, 1420

bluntnose sixgill sharks, and European conger. A total of 120 wreckfish were caught
between 1972 and 1975, before their complete disappearance from the catch data [20].

Accidental by-catch, mainly represented by the large arborescent primnoid anthozoan
Callogorgia verticillata, provided the first evidence of the existence of coral forests on the
summit of the Ulisse Seamount [20].

A. foliacea and A. antennatus have been reported for other Mediterranean seamounts
and banks [68], including the Baronie Seamount located off the northeastern coast of
Sardinia [137], representing a site of particular biological and economic interest. Several
commercial species—such as the common squid (Loligo vulgaris), P. edwardsii, H. dacty-
lopterus, A. foliacea, A. antennatus, G. melastomus, and P. blennoides—have been caught on
this seamount [137].

The occurrence of deep-water shrimps (e.g., A. foliacea, A. antennatus, and P. martia),
scleractinian corals (e.g., Caryophyllia calveri, Desmophyllum dianthus), and high densities of
other invertebrates was reported in [138] from the Eratosthenes Seamount in the Levantine
Basin. In this basin, the presence of sharks (e.g., G. melastomus and the spiny dogfish,
Squalus acanthias), the greater forkbeard, and commercially important deep-sea shrimps
(e.g., P. martia, A. foliacea, and A. antennatus) has also been reported for the Turgut Reis
Bank [139].

The occurrence of several shark species (e.g., Prionace glauca, H. griseus, Cetorhinus
maximus, Carcharodon carcharias, Isurus oxyrhincus, Carcharhinus brevipinna, Lamna nasus,
Odontaspis ferox, and Sphyrna lewini) has been detected in the sea area close to the Alcione
and Casoni seamounts in the South Tyrrhenian Sea [140].

In the Seco de los Olivos Seamount (western Mediterranean), several commercial
species are caught with different fishing techniques, impacting benthic habitats and
species [141]: the blue whiting, blackbelly rosefish, silvery pout (Gadiculus argenteus),
and European hake with otter trawl; Pagellus spp., blue whiting, red scorpionfish (Scorpaena
spp.), and mullets (Mullus spp.) using set gillnet; soldier shrimp (Plesionika spp.) with
traps; and blackspot seabream using bottom longline. In addition, recreational fishing is
also carried out on this seamount—mostly on the steeper slopes of the surrounding ridges,
targeting the grey grouper (Epinephelus caninus) [141].

4. Results

4.1. Data from FAO Official Statistics

During the period 1994–2019, the bulk of the deep-water catches in the Mediterranean
Sea was due to the species M. merluccius, P. longirostris, A. foliacea, A. antennatus, N. norvegi-
cus, Lophius spp., G. melastomus, C. conger, H. dactylopterus, P. bogaraveo, Phycis blennoides,
and P. americanus. The average total landing for the whole basin was 57,774 (±1857) tonnes
per year (7% on average of the Mediterranean total landing; 788,000 tonnes). In the Ionian
Sea (FAO subdivision 37.2.2), the average total landing of deep-water species was equal to
23,153 (±1859) tonnes (40% on average of the total landing of Mediterranean deep-water
species) (Table 1), thus being the most important area for the exploitation of deep-water
resources (Figure 1). A marked fluctuation in landings of the deep-water resources over
time has been detected both in the whole Mediterranean and in the Ionian Sea, without any
significant trends (Figure 3).
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Table 1. Total landing (in tonnes and %), with mean and standard error (SE), in the Mediterranean
(MED) and Ionian Sea (ION), and by species, in the period 1994–2019. ρ = Spearman’s rank correlation
coefficient; p = p-value; n.s.: non-significant values.

Landing Tonnes

Mean ± SE % Spearman’s ρ p

MED 57,774 ± 1857 - −0.059 n.s
ION 23,153 ± 1754 40% −0.210 n.s

M. merluccius 9865 ± 1445 43% −0.637 <0.001
P. longirostris 7597 ± 521 33% 0.426 <0.05

A. foliacea and A. antennatus 1921 ± 177 8% 0.446 <0.05
N. norvegicus 1673 ± 117 7% −0.588 <0.01
Lophius spp. 1330 ± 207 6% −0.462 <0.05

C. conger 296 ± 41 1% 0.079 n.s
G. melastomus 373 ± 101 2% 0.853 <0.001

H. dactylopterus 52 ± 26 >0.2% 0.584 <0.01
P. blennoides 17 ± 7 >0.2% 0.542 <0.01
P. bogaraveo 9 ± 3 >0.2% 0.681 <0.001

P. americanus 20 ± 4 >0.2% −0.060 n.s

 

Figure 3. Landings (in tonnes) of deep-sea commercial species in the Mediterranean Sea (black line)
and the Ionian Sea (dashed line) in the period 1994–2019, based on official FAO statistics.

The main harvested species in the Ionian Sea are the European hake (9865 ± 1445 tonnes
and 43% on average), the deep-water rose shrimp (7597 ± 521 tonnes, 33%), the deep-
water red shrimps (A. foliacea and A. antennatus, 1921 ± 177 tonnes, 8%), the Norway
lobster (1673 ± 117 tonnes, 7%), and anglers (Lophius spp., 1330 ± 207 tonnes, 6%). For
M. merluccius, N. norvegicus, and Lophius spp. significant negative temporal trends have
been detected (p < 0.001, p < 0.01, and p < 0.05, respectively). In contrast, the landings of
the shrimp P. longirostris and deep-water red shrimps showed significant positive trends
(p < 0.05) (Table 1, Figure 4a,b). For the European conger, a clear landing decrease was
shown from 2006 (991 tonnes) to 2019 (172 tonnes) (Figure 4c). The exploitation of other
deep-water commercial species has increased in this period, as is the case of the blackmouth
catshark, with an increase in the landings from a minimum of 193 tonnes in 2009 to a
maximum of 1465 tonnes in 2018 (p < 0.001). Similarly, H. dactylopterus showed a landing
increase in the last five years of the time series (ρ = 0.584; p < 0.01), as did P. bogaraveo
(ρ = 0.681; p < 0.001) and P. blennoides (ρ = 0.542; p < 0.01) (Table 1, Figure 4c,d).
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Figure 4. Landings (in tonnes) by deep-sea commercial species—(a) M. merluccius and P. longirostris;
(b) A. foliacea, A. antennatus, N. norvegicus, and Lophius spp.; (c) C. conger, G. melastomus, and H. dacty-
lopterus; (d) P. bogaraveo, P. blennoides, and P. americanus—caught in the Ionian Sea (FAO subdivisions
37.2.2) during the period 1994–2019.

In the Ionian Sea, the Italian fleet shows the highest exploitation of the deep-water
resources, with an average landing value of 19,504 tonnes per year in the period 1994–2019,
equal to an average of 84% of the total landing from this basin, followed by Tunisia
(1418 tonnes; 6%), Albania (1109 tonnes; 5%), and Greece (1062 tonnes; 5%). Marked
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fluctuations have been observed in the Italian annual landing, with a non-significant
decrease, while significant increases have been observed in landings in Tunisia and Albania
(p < 0.001). A stable trend of landing was shown for Greece (Table 2, Figure 5).

Table 2. Total landing (in tonnes and %), with mean and standard error (SE), by Ionian countries in
the period 1994–2019. ρ = Spearman’s rank correlation coefficient; p = p-value; n.s.: non-significant
p-values.

Landing (Tonnes)

Country Mean ± SE % Spearman ρ p

Italy 19,504 ± 1792 84% −0.353 n.s.
Greece 1062 ± 67 5% −0.332 n.s.
Malta 48 ± 7 <0.2% 0.760 <0.001

Tunisia 1418 ± 192 6% 0.902 <0.001
Albania 1109 ± 215 5% 0.856 <0.001

 
Figure 5. Landings by country ((a) Italy; (b) Albania, Tunisia and Greece) in the Ionian Sea (FAO
subdivisions 37.2.2).

4.2. Data from MEDITS Trawl Surveys (NorthWestern Ionian Sea, GSA 19)

The European hake and the deep-water rose shrimp are the most abundant species in
weight and number, respectively. Highly significant increases in abundance in weight and
number over time were detected for the deep-water rose shrimp (P. longirostris) (p < 0.001,
ρ = 0.737 and 0.804, respectively), the giant red shrimp (A. foliacea) (p < 0.001, ρ = 0.692
and 0.599, respectively), and the blackspot seabream (P. bogaraveo) (p < 0.01, ρ = 0.538
and p < 0.001, 0.634, respectively). A highly significant negative trend for abundance
in both weight and number was detected for N. norvegicus (p < 0.001, ρ = −0.766 and
−0.785 respectively). A biomass decrease was only shown for A. antennatus (p < 0.05,
ρ = −0.391). Fluctuating abundances with no significant trends were observed for the
European hake, greater forkbeard, anglers, and blackmouth catshark over the study period
(Table 3, Figure 6a,b).
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Figure 6. Cont.
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Figure 6. (a) Time series of biomass (kg/km2) index by species sampled during experimental trawl
surveys carried out in the northwestern Ionian Sea from 1994 to 2020. (b) Time series of abundance
(N/km2) index by species sampled during experimental trawl surveys carried out in the nortwestern
Ionian Sea from 1994 to 2020.
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Table 3. Mean values of biomass (kg/km2) and density (N/km2) indices with standard deviation
(s.d.), computed by species on the 1994–2020 time series of experimental trawl surveys carried
out in the northwestern Ionian Sea. ρ = Spearman’s rank correlation coefficient; p = p-value; n.s.:
non-significant p-value.

kg/km2 N/km2

Mean ± s.d. Spearman ρ p Mean ± s.d. Spearman ρ p

Merluccius merluccius 19.98 ± 7.40 0.338 n.s. 585 ± 385 0.336 n.s.
Parapenaeus longirostris 8.87 ± 4.50 0.737 <0.001 1697 ± 1086 0.804 <0.001
Aristaeomorpha foliacea 4.34 ± 3.63 0.692 <0.001 362 ± 284 0.599 <0.001

Aristeus antennatus 7.77 ± 2.67 −0.391 <0.05 427 ± 173 −0.034 n.s.
Nephrops norvegicus 1.59 ± 0.90 −0.766 <0.001 61 ± 65 −0.785 <0.001

Phycis blennoides 6.59 ± 3.47 0.313 n.s. 272 ± 211 0.052 n.s.
Lophius spp. 7.77 ± 2.67 0.023 n.s. 427 ± 173 −0.326 n.s.

Pagellus bogaraveo 2.06 ± 2.44 0.538 <0.01 145 ± 333 0.634 <0.001
Galeus melastomus 16.96 ± 10.54 0.344 n.s. 125 ± 67 −0.085 n.s.

A significant positive relationship was shown between the abundance and SBT in
A. foliacea (p < 0.01, ρ = 0.580) and P. longirostris (p < 0.05, ρ = 0.464), while there was a
significant negative relationship for N. norvegicus (p < 0.01, ρ = −0.642).

Furthermore, a significant increase in abundance in weight (kg/km2) in relation to
the decreasing FE was observed for A. foliacea and P. longirostris (p < 0.001, ρ = −0.736 and
−0.746 respectively), as well as for P. bogaraveo (p < 0.005, ρ = −0.520).

The estimated regression coefficients β0 and β1 for each model, applied to the log-
transformed abundances of A. foliacea and P. longirostris, are reported in Table 4.

Table 4. Effect of fishing effort and temperature covariates on P. longirostris and A. foliacea abundance
indices in biomass (kg/km2) and density (N/km2). Estimate = Estimated coefficient; SE = Standard
Error; t = t-value; p = p-value.

Effect Estimate SE t p

P. longirostris

Biomass
(kg/km2)

Intercept 4.33 0.42 10.29 <0.001
Fishing effort −0.01 0.01 −5.30 <0.001

Intercept −3.36 2.16 −1.56 0.136
Temperature 0.36 0.14 2.55 0.02

Density
(N/km2)

Intercept 9.9 0.52 19.10 <0.001
Fishing effort −0.01 0.01 −4.97 <0.001

Intercept 0.97 2.57 0.38 0.712
Temperature 0.42 0.17 2.49 0.022

A. foliacea

Biomass
(kg/km2)

Intercept 5.04 0.72 6.97 <0.001
Fishing effort −0.02 0.01 −5.14 <0.001

Intercept −9.48 3.39 2.80 0.011
Temperature 0.72 0.23 3.21 0.005

Density
(N/km2)

Intercept 8.39 0.81 10.32 <0.001
Fishing effort −0.01 0.003 −3.18 0.005

Intercept −1.61 3.38 −0.48 0.639
Temperature 0.5 0.22 2.21 0.04

Results highlight the significant effects of both covariates on the abundances of the
two species. In particular, for both species, increased abundances significantly depend on a
decrease in FE, while significant positive effects are estimated for abundances in relation to
the increase in SBT.

Regardless of the type of tool used and the type of habitat investigated, the relation-
ships between the sizes and depths show the occurrence of the largest individuals at the
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greatest depths, with these results being highly significant for all species on soft bottoms,
and only for H. dactylopterus in VMEs (Figure 7). The sizes were greater in VMEs than on
soft bottoms, but this cannot be properly compared due to the different sampling methods
and tools (Figure 8).

 
Figure 7. Relationships of total length (TL) with depth of deep-sea species collected on soft bottoms
(left) and in vulnerable marine ecosystems (VMEs) (right) of the central Mediterranean.
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Figure 8. Boxplots of the total length (TL) by species collected on soft bottoms and in vulnerable
marine ecosystems (VMEs) of the central Mediterranean.

For all of the deep-sea species considered, the abundances in weight and number for
an area near the SML CWC province were greater than those for the area far from this coral
province (Figure 9). However, the differences were significant for the abundance in both
weight and number of A. foliacea, H. dactylopterus, and P. bogaraveo. The differences between
the two areas were significant for the abundance in number of P. blennoides and for the
abundance in weight of M. merluccius (Figure 9). All of these differences are even more
significant due to the fact that the fishing effort is significantly greater near the SML CWC
province than in the area far from this province in terms of both the number (p < 0.001) and
the GT of vessels (p < 0.05) (Figure 10).
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Figure 9. Boxplots of biomass (kg/km2) and abundance (N/km2) by species collected in two areas of
the northwestern Ionian Sea, near and far from the SML fishery restricted area, from 1994 to 2020.
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Figure 10. Boxplots of the fishing effort in terms of number (N) (a) and gross tonnage (GT) (b) of
trawl vessels operating near to and far from the SML CWC province during the period 1994–2020.

5. Discussion

Macrobenthic invertebrates, such as soft and hard corals, contribute to the formation
of heterogeneous and complex habitats on slopes, in canyons, and on seamounts, which
constitute VMEs. Deep VMEs are hotspots of biodiversity, due to the variety of species
they host, and are valuable fishing areas due to the occurrence of large individuals of
commercial species and higher catches than in adjacent areas (e.g., [20,55,58,69,70]).

The deep-sea species distributed in the deep-sea habitats and VMEs of the Mediter-
ranean make up 7% of the total quantified landings of approximately 788,000 tonnes [1].
The Ionian Sea is the basin where the largest fraction (about 40%) of the Mediterranean’s
deep resources is captured. This basin, in addition to being the deepest in the entire
Mediterranean, presents an articulated and complex hydrography and geomorphology
of the seabed, with canyons, banks, rocky bottoms, and VMEs where soft and hard coral
species thrive (e.g., [81,92–94,142–144]).

Catches from official FAO statistics show consistency with catches from MEDITS trawl
surveys. In both cases, abundance fluctuations were observed for most species. The most
abundant deep-sea food resources in the Ionian Sea are the European hake (M. merluccius),
the deep-water rose shrimp (P. longirostris), and the deep-water red shrimps (A. foliacea
and A. antennatus). Other deep-sea food resources are represented by the crustacean N.
norvegicus, the teleost fish Lophius spp., C. conger, H. dactylopterus, P. bogaraveo, P. blennoides,
and P. americanus, and the shark G. melastomus.

For some species, significant increases in abundances have been observed, and this
may be related to the reduction in fishing effort (e.g., A. foliacea, P. longirostris, P. bogaraveo),
the increase in SBT (e.g., A. foliacea, P. longirostris), and the presence of refuge areas scarcely
accessible to fishing, which constitute VMEs and sites of resource renewal (e.g., A. foliacea,
H. dactylopterus, P. bogaraveo, and, to a lesser extent, P. blennoides and M. merluccius). In
particular, adult individuals of P. bogaraveo were almost exclusively collected in VMEs
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between the southwestern Adriatic and northwestern Ionian seas (e.g., [71,78–80,145]). The
golden shrimp (P. martia) was also found to be associated with the presence of corals [145].

Time-series data for the period 1985–2005 reveal a positive relationship of A. foliacea
and P. longirostris abundances with a rise in the water temperature. Inverse relationships
of A. foliacea, P. longirostris, N. norvegicus, and P. blennoides abundances with FE were also
detected [78].

The increase in the abundance of P. longirostris observed in the northwestern Ionian
Sea has also been reported in all European Mediterranean waters, demonstrating that
the abundance of some stock is closely linked to climate change [146]. The increase in
temperature observed in recent years may have produced an increase in suprabenthos, e.g.,
Lophogaster typicus, which represents the main prey of the deep-water rose shrimp [146,147].
In addition, as observed in the northern Tyrrhenian, high temperatures and low wind
circulation negatively affect the recruitment of M. merluccius. Hake juveniles prey upon P.
longirostris juveniles [148], so the lower predation pressure could have further enhanced the
recruitment success of the shrimp [146,149]. The significant increase in abundance detected
for A. foliacea is consistent with observations in the eastern Ionian Sea and southern Adriatic
Sea [150]. However, for both P. longirostris and A. foliacea, the reduction in FE may have
influenced the increase in their abundances.

Regarding A. antennatus, in the western Mediterranean it was observed that this deep-
water shrimp seems to prefer relatively cold temperatures (13.1–13.2 ◦C) and relatively salty
waters (>38.5) with low currents and moderate variability [123]). However, the occurrence
of A. antennatus appears to be driven in a nonlinear manner by environmental conditions,
including local temperature [123].

Times-series data regarding the abundance of M. merluccius in the northwestern Ionian
for the period 1985–2005 reveal a positive relationship with the NAO index [78]. Recently,
it has been observed that environmental factors can affect the spatiotemporal distribution
pattern of the European hake throughout the Mediterranean basin [151]. In particular,
high predicted biomass levels were observed especially at 200 m and between 14 and
18 ◦C, highlighting the preference of the species for colder waters. Moreover, the high
biomass of this teleost fish has been correlated with the presence of nursery areas in many
Mediterranean areas, some of which have been identified along the northwestern Ionian
and in the southwestern Adriatic [152–155], connected to VMEs [81,83]. In this respect,
the effect of the presence of the SML VME has been detected for M. merluccius and other
deep-water species, in agreement with previous investigations in the central Mediterranean
(e.g., [12,71,81,83,85,98]). Indeed, the SML CWC province has an effect on the abundance of
deep-water resources, while also contributing to the spillover of individuals of commercial
species exploited in the surrounding fishing grounds, subjected to a greater fishing pressure
than in other areas of the northwestern Ionian Sea.

The most abundant species captured on the muddy bottoms, both by commercial
fishing (FAO data) and during trawl surveys (MEDITS data), are also those most fre-
quently caught in sensitive habitats and VMEs. Most of these species exhibit a bigger–
deeper pattern, both on muddy bottoms—where larger individuals are generally caught by
trawling—and in sensitive habitats and VMEs, partially protected from fishing due to the
roughness of the seabed and the presence of rocks and hard corals. The largest individuals
distributed in deep waters and in VMEs represent the adult fraction of the stocks. These
are breeder individuals that often concentrate in VMEs, making them EFHs, since these
ecosystems act as spawning and nursery areas [12,57,71,81,98], contributing to the renewal
of the stocks on fishing grounds [83]. Both the spillover (i.e., active movement of juveniles
and adults into fished areas) and larval seeding (i.e., the dispersal of eggs and larvae in
fished areas) may contribute to the renewal of stocks in neighbouring fishing grounds. All
of the species examined in this study carry out their life cycles on the bathyal bottoms by
distributing themselves between muddy bottoms and refuge areas represented by VMEs,
but only in these ecosystems is their vulnerability to fishing activities greatly reduced.
In fact, models developed using data from trawl surveys carried out on muddy bottoms
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provide indications of overfishing status for most of the species examined in the present
study (e.g., [156]).

Species with a wide bathymetric distribution, such as anglers, have not shown any
significant trend over time. Norway lobster, for both types of data, showed a decrease in
abundance over time. This may be due to the fact that this species needs soft bottoms to dig
burrows in the mud, which are also the most subjected to trawling. Another explanation
deals with the negative relationship between Norway lobster biomass and SST, with the
lowest indices associated with high temperatures [146]. The decreasing abundance related
to higher temperatures is due to the reduction in the organic matter flux resulting from
the decreased rainfall and river discharge, which influences benthic feeders and predators
such as the Norway lobster [146,147].

Several deep-water species also represent an important feeding resource for several
species of odontocetes inhabiting the offshore areas of the northwestern Ionian Sea [157–160].
Bathyal bentho-pelagic squids are fundamental prey of the Risso’s dolphin (Grampus griseus)
and the sperm whale (Physeter macrocephalus). Myctophids and demersal species, such
as M. merluccius, are hunted by the striped dolphin (Stenella coeruleoalba) [161–164]. The
trophic interactions between cetaceans and deep-water prey contribute to the recycling of
energy and matter in the pelagic domain and coastal areas. Odontocetes can increase the
CO2 absorption capability of phytoplankton, thus playing a critical role in climatic regula-
tion [165]. Thus, the management of deep sensitive habitats and their species contributes to
ensuring the stability of several biological components that play a critical role in ecosystem
functioning [164].

The increase in landings observed for Tunisia and Albania could be due to the fact that
there are still deep areas that are largely unexploited by fishing activity. Moreover, here,
the fishing pressure is lower than that along the Italian coasts of the central Mediterranean.

The VMEs are often impacted by commercial fishing (e.g., [17,20,64,68,69,82,98,103,
104,106,107,127,129]). An overview of available information on the incidental catch of VME
indicator taxa from fishery-dependent and fishery-independent surveys has been recently
provided by Chimienti et al. [55]. Bottom trawls represent the most impactful fishing
practice to deep soft-bottom VMEs, followed by longlines, gillnets, pots, and traps.

Other human activities—including oil and gas exploration and exploitation, pollution,
marine litter, ocean acidification, and climate change—are also harmful to VMEs and their
biodiversity on the open slopes, canyons, and seamounts (e.g., [14,64,69,126,166–168]).
In addition, biodiversity loss affects ecosystem services (ESs) and impairs the ocean’s
capacity to provide food, maintain water quality, and recover from disturbance [169–172].
ESs are the benefits that humans derive, either directly or indirectly, from the functions
of ecosystems [173]. The Millennium Ecosystem Assessment (MA) [174] estimates that
60% of global ecosystem services are degraded or are being managed unsustainably. As
biodiversity is lost and ecosystems are degraded, the biocapacity of the planet to support
living organisms decreases. As biocapacity decreases, there are diminishing resources
available to support a growing human population [175]. These considerations also concern
the Mediterranean and its VMEs that provide several ESs [54] and, as noted above, many
of them are in danger due to anthropogenic impacts.

The habitat structured by macrobenthic invertebrates in VMEs is a supporting ES that
provides organisms—including those of commercial species—with suitable physical and
chemical features, food and spatial resources, places for courtship, mating, and spawning,
breeding sites and nurseries, places to hide from predators, and refuges to escape from
adverse environmental conditions (e.g., [38,45,58,72,176,177]). The decline of the habitat
can cause negative effects on the species that use it for bioecological processes, affecting
community composition and ecosystem functioning [178,179].

A strategy based on ecosystem-based fishery management (EBFM) was adopted by
the EU Common Fishery Policy (CFP) for fishery management, with the overall objective
of sustaining healthy marine ecosystems and the fisheries that they support [180]. This
implies sustainable management not only of the commercial stocks, but also of the whole
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environmental system that supports their production, including the importance of the
economic and social dimensions.

Worldwide, fish consumption has grown enormously since 1961, surpassing even that
of several species of the most common terrestrial animals in the human diet. Thinking
about the fact that food innovation and sustainability are mainly based on systems where
it is produced and systems by which food is collected, there is an urgent need to protect
deep-sea habitats and VMEs by promoting the use of sustainable fishing systems.

Many governments have made international commitments to the conservation of ma-
rine biodiversity. In particular, since the adoption of the Convention on Biological Diversity
(CBD) in 1992, biodiversity considerations in relation to the management of fisheries and
aquaculture have been focused on policies and actions for the conservation of threatened
species and vulnerable habitats. Within the CBD context, the scientific criteria to identify
ecologically and biologically significant marine areas have been established [181], with the
aim of defining management measures that ensure the conservation of the biodiversity
of these areas. The process in the Mediterranean was started by a regional workshop
in 2014 [182], and culminated at the CBD COP 12 with the endorsement of 15 ecologi-
cally and biologically significant marine areas, recognising the biological and ecological
significance of deep-sea habitats in the Mediterranean [64]. Following specific UNGA
resolutions [183–185], similar criteria were adopted by the FAO [46] to identify VMEs
and to develop international guidelines for the management of deep-sea fisheries in the
high seas, in order to ensure the protection of certain groups of species and habitats from
significant adverse impacts (SAIs) caused by fisheries.

The Habitats Directive (92/43/EEC) [186] considers the CWC biotope as the habitat
type “1170 Reefs”, for which measures should be taken to maintain and restore a conser-
vation status for this type of habitat. As part of the Barcelona Convention, the protocol
concerning the specially protected areas and biological diversity adopted in 1995 is a tool
for implementing the CBD, since it aims to protect and conserve biodiversity in valuable
areas and species in the Mediterranean Sea. More recently, the Marine Strategy Framework
Directive [187] aims to ensure that the collective pressure of human activities on the en-
vironment is kept within levels compatible with the achievement of good environmental
status. This can also be achieved through the creation of marine protected areas (MPAs)
focused on achieving a balance between sustainable fisheries and other human activities
and habitat conservation. Although several conservation initiatives have been developed
with the aim of protecting threatened hotspots of marine biodiversity, the marine protected
areas (MPAs) that have been designated in deep waters are very limited [64,188,189].

During the last few decades, the Mediterranean deep-sea habitats have been protected
through the institution of fishery restricted areas (FRAs), established by the General Fishery
Commission for the Mediterranean and Black Sea (GFCM) with the aim of protecting VMEs
and/or essential fish habitats (EFHs). To date, 10 FRAs have been established by the GFCM,
including 1 large deep-water FRA below 1000 m. Trawling is forbidden in areas deeper
than 1000 m in depth throughout the Mediterranean Sea. However, this conservation
measure is not enough, considering that most of the coral habitats known so far are present
within this depth limit. For this reason, the limitation of trawling up to 800 m depth would
be more effective for the conservation of deep-sea coral habitats [54,64]. The FRAs aim
to protect EFHs and/or sensitive habitats of high ecological value, such as VMEs, from
any SAIs of fishing activities [46]. In particular, only two of the existing FRAs in the
Mediterranean Sea have been created to target the conservation of a CWC habitat—namely,
the Lophelia Reef off Santa Maria di Leuca (Italy, Ionian Sea) [82] and, more recently, the
Bari Canyon in the southern Adriatic Sea (recommendation GFCM/44/2021/3) [133].
Three FRAs in the Strait of Sicily (northeast and northwest Malta) and one in the Gulf
of Lion include some CWC sites, but they have been created to manage fishing stocks;
thus, trawling is present there, albeit somewhat regulated. The Jabuka/Pomo Pit FRA
aims to protect EFHs and an unquantified sea pen field [190], while the Eratosthenes
Seamount FRA targets the protection of peculiar geological formations (with only a few
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specimens of solitary scleractinians recorded) [138], and the Nile Delta FRA is characterised
by the presence of chemosynthetic fauna [54]. Trawling and dredging are forbidden
in the FRAs for the conservation of VMEs, while they are regulated in those for the
management of EFHs. Bottom longlining can be allowed—often in a buffer zone and under
authorisation—depending on the regulations of the single FRA, while artisanal fishing
practices are usually not performed in offshore areas, such as in the existing FRAs. These
FRAs are currently isolated, while a desirable network of FRAs is a long way from being
created. This network should be established in the pathway of the Mediterranean water
mass circulation in order to connect the different FRAs all over the basin by means of larval
dispersal [53,83,129].

As part of goal 14 (life below water) of the 2030 Sustainable Development Agenda [191],
all of the targets regard VMEs, and specifically targets 14.2 (protect and restore ecosystems),
14.3 (reduce ocean acidification), and 14.4 (sustainable fishing). More recently, the EU
Biodiversity Strategy for 2030 [192] reports that biodiversity is also seen as essential for
safeguarding EU and global food security; its loss threatens our food systems, putting our
food security and nutrition at risk.

6. Conclusions and Recommendations

In the EU, at least 30% of the land surface and 30% of the sea should be protected, and
for areas with high value or potential for biodiversity and, therefore, greater vulnerability,
more stringent protection is needed.

Regarding the deep-sea sensitive habitats and VMEs, the implementation of a network
of protected or fishing-restricted areas represents a fundamental measure to guarantee the
proper conservation of the sites known in the Mediterranean Sea. A network of protected
areas (mostly MPAs and FRAs) would satisfy both the conservation of vulnerable habitats
and the management of fishery resources according to the EBFM [63]. In this respect, after
the past and recent establishment of the FRAs in the SML CWC province and Bari Canyon,
respectively, appropriate spatial measures aimed at preserving the ecological function of I.
elongata facies identified in the southern Adriatic should be adopted [98]. The Bari Canyon, I.
elongata facies, and SML CWC province are in the path of the flow of the dense-water masses
that pour from the southern Adriatic into the northern Ionian [53,81,92,94,97,129,193]. This
stream of water masses connects the deep-sea coral communities distributed along the Apu-
lian margin, which represent a network of refuge/renewal areas of fishery resources [81]
that needs coherent conservation measures and management strategies according to the
EBFM [53–55].

In the southern Adriatic, the activity of trawler fleets is more concentrated on the con-
tinental shelf and on the upper part of the slope, with target species including the European
hake, red mullet, spottail mantis shrimp, deep-water rose shrimp, and Norway lobster [194].
This explains the persistence of I. elongata in the southern Adriatic [98], and would suggest
that the protection measure to be adopted would be accepted by the fishermen. If not
accepting an area closure measure, other management approaches—such as encounter
protocols with associate thresholds—can be developed and implemented according to the
FAO’s International Guidelines for the Management of Deep-Sea Fisheries [46,195], in order
to ensure the protection of I. elongata from SAIs. In addition, the use of onboard observers
and the correct adoption of digital logbooks could be applicable to trawl fishing vessels, as
well as to most of the deep-sea benthic longlining vessels, which must be equipped with
vessel monitoring by satellite systems (VMSs) and/or automated identification systems
(AISs). The management and control of the many small artisanal fishing boats, which use
gillnets and trammel nets in shallower waters, could be achieved through the designation
of landing points, obligations of notice of arrival in port, and control of landings [54].

Through blue growth (BG), the European Union seeks to meet human needs—such as
food and energy—in a sustainable way, by creating new jobs and new sources of growth
while safeguarding biodiversity and protecting the marine environment, thus preserving
the services that healthy and resilient marine and coastal ecosystems provide [196]. In
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this respect, marine spatial planning [187] consists of a public process of analysing and
allocating the spatial and temporal distribution of human activities in marine areas to
achieve ecological, economic, and social objectives, reducing conflicts and creating synergies
between different activities, while protecting the environment by assigning protected areas,
calculating impacts on ecosystems, and identifying opportunities for multiple uses of space.
The use of an ecosystem for economic returns and social benefits must be done in a way
that minimises negative impacts. If an ecosystem is degraded, the ESs that are derived
from it will also be modified, including those concerning the availability and safety of food.

The good governance of an ecosystem requires, first of all, knowledge and monitoring
of its condition. The central Mediterranean is an area with a complex hydrology and
geomorphology, rich in biodiversity and biological resources, requiring greater knowledge
and continuous monitoring of sensitive habitats and VMEs, as well as their associated
biotic components, which can represent food resources [64,76]. Danovaro et al. [197] used
expert elicitation (1155 deep-sea scientists consulted and 112 respondents) to indicate a
wide consensus that monitoring should prioritise large organisms (that is, macro- and
megafauna) living in deep waters and in benthic habitats, whereas monitoring of ecosystem
functioning should focus on trophic structure and biomass production. They suggested that
deep-sea conservation efforts should focus primarily on VMEs and habitat-forming species.

This is of particular importance in relation to the growth of human populations and the
expansion of activities regarding the deep-sea environment, and for which the involvement
of stakeholders with an interest in the deep-sea will be necessary, together with mechanisms
that promote wide participation at the national and international levels, and that ensure
conservation and long-term effective ecosystem-based fishery management measures.
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Abstract: Titanium dioxide (TiO2) is commonly used in food, cosmetic, and pharmaceutical industries
as a white pigment due to its extraordinary light scattering properties and high refractive index.
However, as evidenced from recent reports, there are overriding concerns about the safety of nanopar-
ticles of TiO2. As an alternative to TiO2, Mg-Al layered double hydroxide (LDH) and their composite
containing casein and carboxymethyl cellulose (CMC) were synthesized using wet chemistry and
compared with currently used materials (food grade TiO2 (E171), rice starch, and silicon dioxide
(E551)) for its potential application as a white pigment. These particles were characterized for their
size and shape (Transmission Electron Microscopy), crystallographic structure (X-Ray Diffraction),
agglomeration behavior and surface charge (Dynamic Light Scattering), surface chemistry (Fourier
Transform Infrared Spectroscopy), transmittance (UV–VIS spectroscopy), masking power, and cy-
totoxicity. Our results showed the formation of typical layered double hydroxide with flower-like
morphology which was restructured into pseudo-spheres after casein intercalation. Transmittance
measurement showed that LDH composites had better performance than pristine LDH, and the
aqueous suspension was heat and pH resistant. While its masking power was not on a par with E171,
the composite of LDH was superior to current alternatives such as rice starch and E551. Sustainability
score obtained by MATLAB® based comparison for price, safety, and performance showed that
LDH composite was better than any of the compared materials, highlighting its potential as a white
pigment for applications in food.

Keywords: white pigment; E171 alternative; layered double hydroxides; casein; carboxymethyl
cellulose; sustainability index

1. Introduction

E171 (food grade titanium dioxide (TiO2)) is one of the most widely used food additives
containing nanoparticles [1]. Pigment grade TiO2 with its primary size ranging from
200–350 nm shows a high refractive index (2.6–2.9), negligible absorption in visible range
of light spectrum, high scattering, and excellent masking power [2]. In addition, it is stable
across a wide range of measurements of pH, temperature, and humidity, and it does not
react with matrix components, making it a desired material for food and pharmaceutical
products. E171 is copiously incorporated as a white pigment and a masking agent in over
900 commonly consumed food products such as dairy products and analogues, edible
ices, confectionaries, surimi and similar products, food supplements, and seasonings
and sauces [3,4].

TiO2 is generally recognized as safe (GRAS) according to the U.S. Food and Drug
Administration (FDA) and is permitted to be used in food up to 1% without being declared
on labels. Recent studies point towards potential adverse health outcomes from oral ad-
ministration of TiO2 nanoparticles [2,5]. E171 particles are not designed to be nanoparticles,
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but pristine and recovered E171 particles from several food products showed a substantial
proportion of nanoparticles (below 100 nm) [4,6]. The presence of nanoparticles in E171
has triggered concerns regarding the undesirable impacts of TiO2 nanoparticles on human
health. In addition, recent publications from our group have reported the negative impacts
of TiO2 nanoparticles on the functional integrity of intestinal epithelial cells and potential
allergenicity of food allergens [7,8]. Pinget et al. also found that food grade TiO2 could
impair the homeostasis in gut microbiota-host interactions [3]. The European food safety
authority (EFSA) recently deemed that E171 is “not safe” as a food additive after evaluating
the outcomes from recent health risk assessments [9]. Consequently, the European Union
moved to ban the application of TiO2 as a food additive under Regulation (EC) No. 2022/63
in the Official Journal of the European Union, with a transition period until 7 August 2022.
This and the growing consumer demand for natural and organic foods have resulted in
food manufacturers using white pigment alternatives like rice starch (RS), silicon dioxide
(E551), and calcium phosphate.

Layered double hydroxides (LDH) have recently fascinated researchers for their wide
range of applications in various fields due to their biocompatibility, cost and resource effec-
tive methods of synthesis, and suitability for modification [10–12]. LDH is composed of
positively charged two-dimensional (2D) metal hydroxide layers which stack alternatively
with interlayers of anions, forming a three-dimensional (3D) “lasagna” structure. Struc-
turally, the 2D “lasagna sheets” are composed of divalent cations octahedrally surrounded
by OH–ions where the octahedra share edges forming an infinite 2D layer. The positively
charged brucite-like (M2+ (OH)2) lasagna sheets are separated by an interlayer region con-
taining charge compensating anions and solvation molecules, forming a 3D structure held
together via electrostatic interactions and hydrogen bonds [13]. Anionic organic species
like peptides, amino acids, and proteins could be intercalated in between the (M2+ (OH)2)
layers through anion exchange chemistry [14]. LDH-composites thus generated have
shown promising applications in medicine and energy conversion as well as storage and
environmental remediation [15].

In this article, we report the generation of composite materials where Mg-Al LDH was
intercalated with casein through anion exchange, and the surface was further modified with
carboxymethylcellulose (CMC). LDH and its composites were characterized and compared
to currently used white pigments for their physicochemical properties, masking power and
safety. We report the superior performance, cost, and safety features of LDH composite in
comparison to generally used E171 alternatives for its potential applications in products
intended for human consumption.

2. Materials and Methodologies

Food additive silicon dioxide particles E551 (SIPERNAT 22) were obtained from
Evonik Corporation (Parsippany, NJ, USA) and food additive titanium dioxide particles
(E171, cat # 13463-67-7) were obtained from Minerals-Water, UK. All particles were used
as received.

Commercial bovine milk casein (cat # 5890), magnesium oxide (MgO), aluminum
oxide (Al2O3), sodium hydroxide (NaOH), rice starch (RS), and carboxymethyl cellulose
(CMC) with 0.55–1.0 degree of substitution (DS) were purchased from Sigma Chemical Co.
(St-Louis, MO, USA).

Stock solutions of particles (E171, E551) and rice starch were prepared by dispersing
10 mg/mL in deionized (DI) water obtained from a Milli-Q water system (Millipore Sigma,
Milford, MA, USA).

2.1. Synthesis of Mg-Al LDH

Mg-based LDH was chosen because it is white color [16]; and Al3+ was chosen as
the “guest” metal cation due to its ability to stabilize the α- form of hydroxides during
LDH formation [17]. LDH was synthesized using a hydrothermal method as detailed
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elsewhere [18,19]. We chose the hydrothermal method as it improves the crystallinity of
LDH which is desirable for the scattering of light within the LDH structure [20].

Accordingly, we mixed MgO: Al2O3 in a molar ratio of 2 in 50 mL of deionized water
using ultrasonication for 30 m in a clean glass bottle. A Mg/Al ratio of 2 was chosen
to form a clear hydrotalcite phase and higher basal spacing which is preferred for the
anionic exchange reaction in the following steps [21,22]. One molar NaOH was added
dropwise into the bottle under vigorous stirring until the pH of the solution reached ~10.
The obtained mixture was stirred at 110 ◦C for 12 h in the tightly closed bottle, followed by
ageing in the oven at 110 ◦C for 10 days for a dissociation-deposition-diffusion mechanism
to mediate the formation of LDH [19,23]. The synthesized LDH was then washed with
DI water twice at 12,500 rpm and the precipitate was freeze-dried overnight to obtain dry
powder of LDH.

2.2. Synthesis of Mg-Al-Casein LDH (CLDH)

CLDH was synthesized by rehydration of LDH in the presence of casein. For this, 1.5 g
LDH and 2.5 g casein were added to 100 mL DI water under vigorous stirring, followed by
30 min bath sonication to fully disperse the particles. NaOH (1 M) was added dropwise
to the suspension under vigorous stirring. The suspension (pH~10) was further stirred in
a tightly sealed bottle for 10 h. At this relatively high pH way above the isoelectric point
of casein (pI = 4.6), casein was intercalated into the LDH interlayer region between the
[Mg2Al (OH)6]+ “lasagna sheets”. Subsequently, the white suspension was collected by
centrifugation at 12,500 rpm and washed with DI water twice to remove excess casein. The
white precipitate from final wash was then freeze dried overnight to obtain CLDH.

2.3. Synthesis of Carboxymethyl Cellulose (CMC) Modified CLDH (CCLDH)

CMC (1.0 g) was dissolved in DI water (500 mL) with vigorous stirring at room
temperature for 5 h for it to be fully dispersed. CLDH suspension in water (8 mg/mL) was
added dropwise into the CMC solution such that the mass ratio of CMC to CLDH is 9 into
a glass bottle. After 6 h, the CCLDH suspension was washed with DI water thrice, and was
dried overnight in a freeze dryer.

2.4. Materials Characterization

X-Ray Diffraction (XRD) analysis was performed to observe and compare crystal
structure of LDH, CLDH, and CCLDH composite and other particles used in this study.
For this, the powdered particles were placed on the XRD specimen holder and pressed
with a glass plate to fill the holder. The XRD patterns were recorded using a diffractometer
(Bruker D8 Discover diffractometer with VANTEC–2000 detector system and Cu source)
and analyzed with a diffraction angle range between 0 and 50◦ (2 theta). The voltage,
current and pass time used were 40 Kv, 40 mA, and 1 s, respectively.

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR, Bruker,
Billerica, MA, USA) was used to identify the functional groups of the particles. For this, the
dried powder samples were placed on the ATR probe and pressed. The FTIR spectra were
taken in the range of 400–4000 cm−1, with a resolution of 4 cm−1 and 24 scans. Spectra were
deconvoluted and analyzed using OMNIC software.

Transmission electron microscope (TEM) images were obtained using transmission
electron microscope (Field Electron and Ion Company (FEI), Hillsboro, OR, USA) operating
at 120 kV. For this, 1 mg/mL of particles (LDH, CLDH, CCLDH) were dispersed in ethanol
and bath sonicated for 15 min. The suspension was further diluted in ethanol to 100 μg/mL.
Five μL of samples were dropped on the TEM grid, air dried for 30 min, and imaged. Size
distribution analysis for E171 was performed on at least 20 particles identified on the grid
using ImageJ software (NIH, Bethesda, MD, USA).

The average hydrodynamic diameter, polydispersity index (PdI) and zeta potential of
the particles were determined by dynamic light scattering (DLS) on a Zetasizer nano-ZS
(Malvern Instruments, Malvern, UK) at 25 ◦C. The particles were dispersed and diluted to
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50 μg/mL in deionized water and were measured twice. Size results are given as intensity
distribution by the mean diameter with its standard deviation.

2.5. Transmittance and Opacity Measurements

The UV-Visible absorbance spectra could be used to associate with opacity [24]. The
total reflectance spectra of the synthesized particles were measured and compared with
E171, E551, and RS. For this, equal quantities of dry powders of particles were pressed
onto the wall of the quartz cuvette of a UV–VIS diffuse reflectance spectrophotometer
(Lambda 750, PerkinElmer Life and Analytical Sciences, Shelton, CT, USA) operated by UV
WinLab™ software (Version 4.0, PerkinElmer Life and Analytical Sciences, Shelton, CT,
USA), and % reflectance was measured in the range of 200–800 nm with 1 nm interval.

Opacity is defined as the proficiency of the pigment to mask the features of the
underlying substrate [25]. Opacities of the synthesized particles were compared with that
of E171 by measuring % transmittance. For transmittance measurement, 100 μL of particle
suspensions (1 mg/mL) were dispensed into wells of 96 well plate and % transmittance
at 550 nm was measured using a microplate reader (Spectra Max i3x, Molecular Devices,
San Jose, CA, USA). Masking power comparisons between E171 and synthesized particles
were conducted visually with optimized concentrations of hydroxy propyl methylcellulose
(HPMC) (85% w/v) and plasticizer (Glycerol 10% w/v) for preparation of a film layer. Firstly,
dry particles of E171, E551, and RS were suspended (1 mg/mL) in DI water, while the
synthesized particles in dry powder form were suspended (1 mg/mL) at pH ~10 adjusted
solution (with 0.1 M NaOH). These suspensions were individually mixed with slurry
containing 85% hydroxy propyl methylcellulose (HPMC), 10% glycerol, and 5% solution.
The resulting thick pastes (1 mL) of particles were spread evenly on a glass plate using a
paint brush and left to dry overnight at room temperature. The glass plate was imaged
against a worded background for visual comparison of masking power, recorded using
digital camera.

2.6. Characterization of Stability of Particle Suspension to pH and Temperature

Stabilities of aqueous suspensions of LDH, CLDH, CCLDH, and E171, E551 (1 mg/mL)
were evaluated as a function of time and under different pH and temperature conditions.
For this, the particle suspensions were probe sonicated for three intervals of 15 s to evenly
disperse the particles in DI water.

2.6.1. Effect of pH

Stability of particle suspensions as a function of pH was performed by adjusting the
pH of the suspension using 0.1 M NaOH and 1 M HNO3 to obtain pH levels of 3 and 9.
These two pH levels were chosen as they represent the acidic and alkaline pH typically
encountered in food processing. The suspension of particles with pH adjusted were left
undisturbed for 30 min at room temperature, and the % transmittance (550 nm) was
measured to assess the extent of particle sedimentation. The experiment was repeated in
triplicates, and the mean value was plotted as % transmittance vs. pH.

2.6.2. Effect of Temperature

Stability of particle suspension as a function of temperature was determined by heating
1 mg/mL samples in Eppendorf tubes in a thermostat water bath to 25, 50, 75, and 100 ◦C.
After holding samples at the stipulated temperatures for 5 min, suspensions were cooled
in ice bath to room temperature, and 100 μL of each suspension was aliquoted into a well
of 96 wells plate. The % transmittance at 550 nm was determined using a microplate
reader. The results of the three replicates were averaged and a graph of % transmittance vs.
temperature was plotted with mean values and standard deviations.
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2.7. Casein Antigenicity Study

One of the potential challenges for the application of the CCLDH composite would
be the allergenicity of casein. Therefore, we compared the antigenicity of casein before
and after conjugating with LDH using enzyme-linked immunosorbent assay (ELISA) as
reported [8]. The ELISA plate was prepared by adding 100 μL of antigen solution (casein,
CLDH and CCLDH (100 ng/mL) in coating buffer (0.1 M Na2HPO4 in DI water- pH 9.5))
to individual wells of a 96-well plate (Nunc Maxisorp 96-well ELISA plate). The plate was
kept overnight at 4 ◦C for adsorption of antigen (casein, CLDH or CCLDH) to well surface.
The uncoated antigen was discarded, and the residual free binding sites were blocked with
blocking buffer (2% BSA in 1× TBS containing 50 mM Tris-HCl and 150 mM NaCl) for 1 h
at 37 ◦C. After discarding the blocking buffer, primary antibody (1: 2000) (anti-casein rabbit
antibody- cat # ab166596) was added in the blocking buffer and incubated for 1 h at room
temperature. Excess of primary antibody (remaining in solution) was discarded, and the
wells were washed four times with washing buffer (0.05% tween−20 in 1× TBS). The wells
were then incubated with secondary antibody (1: 10,000) (anti-rabbit antibody- cat # 6721)
in blocking buffer for 1 h at RT. Subsequently, the excess unbound secondary antibody was
discarded, and the wells were washed four times with washing buffer. These wells were
further added with 100 μL of substrate solution (5 mM of tetramethylbenzidine-TMB) and
incubated for 3 min at RT for the enzymatic color development, followed by the addition
of stop solution (100 μL of 2 M sulphuric acid) to terminate the reaction. Absorbance at
a wavelength of 450 nm was determined by using a microplate reader. The amount of
primary antibody binding onto antigen (casein) was determined using the standard curve,
and the antigenicity is expressed as casein antigen response (ng/mL). The result presented
is an average of values from triplicate experiments.

2.8. Cytotoxicity Study

Particle dispersion in serum-free cell culture media: Particle stock solution (1 mg/mL)
was prepared by dispersing the particle powder in deionized water by probe sonication for
30 s of five intervals. The sonicated particle suspensions in DI water were further diluted
in serum-free Dulbecco’s modified eagle medium (DMEM) medium.

Cell culture and co-incubation with particles: Human epithelial Caco-2 cells between
passages 20–40 were cultured in DMEM (Invitrogen, Grand Island, NY, USA) supplemented
with 10% (v/v) fetal bovine serum (FBS; Sigma Aldrich, St. Louis, MO, USA), and 1%
antibiotics (penicillin/streptomycin; Invitrogen) 10 cm2 cell culture plates. These plates
were incubated at 37 ◦C in a 5% CO2 incubator to reach 70–80% confluency. The cells were
trypsinized, washed and seeded at 10,000 cells in 100 μL per well in a 96-well plate. Seeded
cells were cultured overnight at 37 ◦C in a 5% CO2 incubator for complete attachment before
particles exposure. The stock solution of particles dispersed in DI water was further diluted
in serum-free DMEM medium, and particles exposures were carried out at concentrations
of 25, 12.5, 6.25, 3.12, 1.56, and 0 μg/mL for 24 h.

Effect of particles on cell viability: Cytotoxicity of the particles on Caco-2 cells were
assessed by the Alamar Blue (resazurin) assay after exposure to the desired concentration
of the particles. For this, the exposure media was removed from the wells, and the cells
were incubated with 100 μL resazurin solution (50 ppm) and incubated at 37 ◦C in 5% CO2
for 4 h. Absorbance at 570 nm was recorded using a microplate reader (Spectra Max M2,
Molecular Devices, Sunnyvale, CA, USA). The readings were exported to an Excel file for
comparison and statistical analysis.

Cytotoxicity was calculated as:

Cell viability (%) =
Abs test

Abs control
× 100 (1)
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2.9. Application of Alternatives Assessment Framework

Developing sustainable alternatives to existing solution demands evaluation not only
for performance but also for its cost and safety. The alternatives assessment framework al-
lows us to identify sustainable alternatives to existing chemicals that needs replacement [26].
We conducted a preliminary alternative assessment of CCLDH for its potential application
as a food pigment. The assessment conforms to the US National Academy’s Framework
to Guide Selection of Chemical Alternatives. Accordingly, the Efficacy (% reflectance),
Cost (USD/g) (Table S1), and Safety (NOAEL) (Table S2) were used for a multiparametric
analysis using MATLAB, as detailed in Supplementary Materials.

3. Results

3.1. Synthesis and Characterization of Particles

Figure 1a–f present the TEM images of particles tested in this study. In general,
these particles had spherical or pseudospherical morphologies. Pristine LDH particles
showed the characteristic flower-like morphology with hexagonal shape of the flaky sheets
of LDH crystallites (Figure 1a). Significant changes in morphological features were ob-
served when pristine LDH was modified by intercalation of casein. The presence of casein
in the CLDH composite gave rise to the ordered inorganic lamellae represented by the
darker lines (Figure 1b), which was similar to the Ca-Al-casein LDH reported earlier [27].
The schematic diagram (Figure 1g) shows the possible mechanism of casein intercalation
through anion exchange when the negatively charged groups (–COO−) of casein gets elec-
trostatically adsorbed between the positively charged LDH layers. The TEM micrograph
of CCLDH (Figure 1c) showed mesoporous plates and rod-like cores of CLDH rendered
by ordered CMC. Figure 1h demonstrates the scheme of CMC layered onto the CLDH
particles. RS showed amorphous morphology with larger discrete particles with a size of
~5 μm (Figure 1d). E171 showed more consistent shapes with an estimated particle size of
100–120 nm (Figure 1e). Size distribution analysis (Figure S1) showed that ~20% of particles
in E171 had size less than 100 nm (to be categorized as nanoparticles). Similar to previous
observation from our group, E551 (food grade silica) were heavily agglomerated where the
size of individual agglomerate was ~30 nm [28].

 

Figure 1. TEM micrographs of layered double hydroxide (LDH) powders: (a) LDH, (b) CLDH,
(c) CCLDH, (d) Rice Starch, (e) E171, (f) E551, (g) scheme showing anionic exchange facilitating the
intercalation of casein molecules between the brucite layers, (h) schematic of the CCLDH composite.

These particles were further characterized for their agglomeration behavior, surface
charge, surface chemistry, and crystallinity. Based on the DLS results (Figure 2a), poly-
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dispersity of CLDH decreased significantly from pristine LDH but showed a significant
increase after CMC adsorption. Since the LDH samples were poly-dispersed, it was hard to
evaluate the mean size based on the TEM images; thus, the size distributions of the particles
were measured in solution by DLS (Figure S2). The hydrodynamic diameter (Figure 2a) of
pristine LDH was larger (>1 μm) in comparison to CLDH (<500 nm). The average diameter
by volume (Figure 2a) of CCLDH had also increased compared to CLDH. The zeta poten-
tial (Figure 2b) of pristine LDH was +10.24 mV while that of casein intercalated (CLDH)
was +6.03 mV. CCLDH showed a net negative zeta-potential of −11.96 mV. Zeta potential
values of CLDH were close to those of pristine LDH than that of casein, suggesting that
the LDH accommodated the casein molecules between the LDH brucite layers. CCLDH
however showed a negative zeta potential value because of the surface adsorption of CMC
onto CLDH.

 

Figure 2. (a) Hydrodynamic diameter (bar graph) and polydispersity index (line graph) of particles
(50 μg/mL) suspended in water. * Indicates statistical significance (t-test) in polydispersity (PdI) of
CLDH in comparison to pristine LDH and CCLDH compared to CLDH, p ≤ 0.05, N = 2; (b) Zeta
potential of LDH particles and its composites; (c) FTIR spectra of the particles; particles were placed
directly on the ATR probe prior recording the spectra for a wavenumber range of 4000–400 cm−1

using ATR–FTIR; (d) XRD spectra of the tested particles. The spectra of dry powder of samples were
captured using Bruker D8 Discovery X-ray Diffractometer.

ATR-FTIR was performed to assess the surface groups present in the LDH composites
and the commercially used white food pigments, and the result is summarized in Figure 2c.
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The peak of 3692.09 cm−1 on the LDH graph features the vibration of −OH groups present
in the LDH inorganic Mg (OH)2 layer [29]. The sharp peak at 1356.00 cm−1 indicates the
adsorption of CO2 contamination from air during the collection process which is difficult
to be excluded during LDH synthesis [30]. This contamination occupies some sites, which
may lead to incomplete anionic exchange for casein intercalation [30].

The strong peak at 1388.11 cm−1 [due to ν(CO3
2−)] and bands below 1000 cm−1

(due to M–O vibrations and M-O-H bending of LDH) are all characteristics of Mg-Al
LDH [28,31–33]. The peak at 450.78 cm−1 in CLDH is a unique characteristic of Mg-Al LDH
materials at 2:1 ratio [31]. This strong peak and a broad peak at 610.75 cm−1 are attributed
to the lattice vibrations of Mg2Al-OH layer [34]. The band at 1443.18 cm−1 from CLDH is
attributed to the stretching vibration of C = O symmetric stretching, verifying the presence
of casein. The FT-IR spectrum of CCLDH is the combination of both the CMC and CLDH
spectra, which is the good reason for the successful preparation of CCLDH. The casein
peak of 1658.58 cm−1 had also broadened to 1617.08 cm−1.

The phase purity and crystallinity of the CLDH and CCLDH were analyzed and com-
pared to the pristine LDH, alongside other industrial used white pigments by measuring
XRD peaks (Figure 2d). In general, the LDH particles possessed defined basal diffraction
peaks, suggesting their crystallinity. The varied phase composition of the synthesized
LDH-composites indicated the presence of a variety of hydroxides and oxide hydroxides.
The diffraction peaks at 15.3◦ for a rhombical symmetry is characteristic of hydrothermally
synthesized LDH [19]. Strong diffraction peaks of the LDH due to a long aging time are in
good agreement with those reported for Mg-Al-OH LDH [19]. The larger and more intense
peak of LDH is attributed to its larger crystallite size compared to the smaller ones (less
intense diffraction peaks), suggesting a correlation of size-crystallinity in LDHs [35]. No-
tably, the increased intensity of the rhombohedral symmetry peak at 23.6◦ in the composite
material suggested successful intercalation of casein into the crystal structure. This finding
concurs with the FTIR results as well as with the results from TEM images. LDH peaks
disappeared in CCLDH suggesting the rendering of the negatively charged CMC over
the positively charged surface of LDH [36]. All in all, physicochemical characterization
of parental LDH and variants synthesized demonstrated a typical floral morphology of
primary particle size from 100 to 1000 nm, well dispersed in aqueous solution where the
original positive surface charge changed to negative when CLDH was surface function-
alized with CMC, and the crystalline characteristics of the original LDH were reduced
when it was intercalated with casein and subsequently functionalized with CMC. E551
particles were amorphous as evidenced by the broad peak in XRD spectra, while E171 were
anatase [7]. RS, however, showed both crystalline and amorphous XRD patterns [36].

3.2. Reflectance, Stability of Particle Suspensions, and Masking Power

Among the synthesized particles, CCLDH showed excellent reflectance at the visible
range which was second only to E171 (Figure 3a). This result complies with the masking
power test whereby CCLDH had the strongest masking property in comparison with other
LDH composites (Figure 4a). As shown in Figure 3a, the reflectance increased from 90% to
100% when the CLDH was engineered with CMC.

Since food additives are commonly exposed to different temperatures and pH during
processing or preparation, we investigated if the aqueous suspensions of particles tested
were stable at elevated temperatures and in pH range [25,37]. We observed that suspensions
of CLDH and CCLDH were more thermally stable compared to pristine LDH, possibly
due to the free organic anion after casein intercalation. Further, adsorption of CMC onto
the LDH surface could have prevented aggregation of LDH because of static and stearic
hindrance. Both RS and E551 showed increased % transmittance as the temperature
increased, which suggested that the opacity of currently used white pigment alternatives is
not stable at elevated temperatures. In addition, the particle suspension seemed stable at
alkaline and neutral pH, but an increase in % transmittance of the LDH composites was
observed at pH 3 as LDH particles started to aggregate. Notably, RS was not stable at an
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alkaline pH as evidenced by an increased % transmittance. E551, however, was stable at an
alkaline pH similar to that of the LDH composites.

 

Figure 3. (a) Reflectance of powdered particles (both synthesized and commercially used white
pigment) were measured in the range of 200–800 nm with 1 nm interval, demonstrating that all
the synthesized LDH particles had a good reflectance in the visible range; (b,c) % transmittance
(550 nm) at varied temperature and pH, respectively, suggested relatively high stability of LDHs at
high temperatures, but not in acidic pH. * Indicate statistical significance (t-test) in % transmittance
of LDH composites in comparison to pristine LDH, p ≤ 0.05, N = 3.

 

Figure 4. (a) Masking ability of the synthesized LDH and its composites was compared with that of
commercially used E171 and its alternatives by suspending them into a mixture to form a thick paste
to be painted on a glass plate and visually compared against a worded background. From left: E171,
E551, RS, CCLDH, CLDH, and LDH. The LDH composites showed better masking. (b) Suspension
stability of particles (from left: LDH, CLDH (1 mg/mL), CLDH (10 mg/mL), CCLDH (1 mg/mL),
CCLDH CLDH (10 mg/mL), and E171) dispersed in DI water were visually compared from time-lapse
images taken at 30 s intervals up to 180 s, followed by 60 s intervals from 3 min to 6 min.

The masking power of LDH composites was compared with E171 and other TiO2
alternatives by painting slurries containing particles on to a clean glass sheet and visually
compared over a worded background. Even though the masking power was not as good as
E171 (Figure 4a) LDH composites were superior to current alternatives used in the industry.
Notably, pure LDH was not suspended well in the slurry and showed granular appearance
while composites showed smooth smearing (Figure 4a). The aim of the research was to

125



Foods 2022, 11, 1120

develop a white and opaque food pigment. Therefore, balancing the pigment structure and
its stability in aqueous suspension is crucial. As seen in the time lapse images of particle
suspension, casein intercalated LDH (CLDH) and modified with CMC (CCLDH) showed a
more stable particle suspension.

3.3. Antigenicity and Cytotoxicity Assessment of LDH Composites

Since LDH particles are efficient delivery carriers of proteins, we also explored the
possibility of using LDH as a modulator to prevent the binding of immunoglobulin E
(IgE)-mediated hypersensitivity to casein which is often associated with milk allergy symp-
toms. As shown in Figure 5a, the antigen response of caseins intercalated in the CLDH
reduced significantly which confirms its ability to suppress casein-specific IgE binding
capacity, therefore decreasing the casein antigenicity. However the same response was not
maintained in CCLDH, although the effect was still significantly lesser than pure casein.

 

Figure 5. (a) IgE binding capacity was determined by ELISA, and its response was expressed as the
casein antigen response (ng/mL) of casein samples under different LDH compounds. * Indicates
statistically significant (t-test) difference in casein antigenic response of LDH composites with casein
in comparison to raw untreated casein molecules, p ≤ 0.05, N = 3. (b) Particle concentration depen-
dent Caco-2 cell viability changes post exposure to particles tested. The result suggested low/no
cytotoxicity of LDH particles. * Indicates the significant differeces of the tested particles from the
control (CdCl2) as verified by statistical t-test (p ≤ 0.05, N = 3).

The cytotoxicity response was evaluated based on the resazurin assay after the Caco-2
cells were treated with different concentations (0–25 μg/mL) of the synthesized pigments,
its alternatives and E171 with cadmium chloride (CdCl2) as the positive control. The
in vitro data clearly depicited that all of the synthesized LDH composites did not elicit any
obvious cytotoxicity to Caco-2 with a viability above 80%.

3.4. Comparison of Particles for Efficacy, Cost, and Safety

To demonstrate the applicability of the LDH composite as white pigments, we com-
pared the tested materials in their performance, cost, and safety using MATLAB® analysis
(Figure 6). The reliability of E171 was scrutinized against its current alternatives and
CCLDH based on three factors: efficacy, cost, and safety. Each factor was scored from
0 to 3 as detailed in Supplementary Materials (Table S3). The scores were used to develop a
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three-dimensional matrix using MATLAB® (Figure 6). As seen in the heatmap, CCLDH was
better in comparison to other white pigments in this multi-parametric comparison. E551
with its poor performance and cost had the lowest score, followed by E171 and rice starch.

 

Figure 6. A three-dimensional matrix was developed by MATLAB® for comparing the efficacy
(% reflectance), cost (USD/g), and safety (NOAEL) of CCLDH to TiO2 alternatives and E171. The
application desirability of the four particles in food are expressed in the phase diagram developed
by MATLAB®, with red representing likely low success, blue likely high success, and green having
considerable success as white food pigments. Position of each particle in the matrix was determined
from individual scores for the three parameters assessed.

4. Discussion

TiO2 is used copiously in several food, cosmetic, and pharmaceutical products as a
white pigment. Recent health risk assessment studies, however, have indicated potential
toxicity of dietary TiO2. For instance, oral administration of TiO2 nanoparticles was re-
ported to cause epithelial hyperplasia and preneoplastic lesions in rodent models [5,38,39].
The obscurity on the health risk associated with TiO2 has incited the European Commission
to request the European Food Safety Authority (EFSA) to reassess the safety intake of E171
(food grade TiO2) as a food additive. Thus, there is a surging demand for TiO2 (E171) alter-
natives in the food industry. Finding an alternative to TiO2 which has been extensively and
widely applied across sectors is challenging from the perspective of meeting the constraints
of performance, cost, and safety. Here, we report the synthesis and characterization of an
LDH-based composite material as a potential alternative to E171 as a white food pigment.

LDH is a class of anionic clay particles with the characteristic hexagonal shape of flake-
like sheets as revealed in the TEM image (Figure 1a). The flaky sheets are characteristic of
the brucite-like layers, while irregular hexagonal shapes are due to more OH groups being
exposed to the aqueous phase during ageing [40]. Mg-Al LDH was chosen as the constituent
material due to its versatile properties such as high chemical stability, controllable particle
size, and most importantly, it can be white in color [16]. While Balcomb et al., 2015, reported
Zn-Al to be white, our results (data not included) showed that it was not as white as Mg-Al
LDH after casein intercalation. Moreover, presence of Zn could compromise the safety of
the material [41]. Casein, one of the major milk proteins when in micelle form scatters light
and imparts opacity, contributing to the characteristic white color of milk. Therefore, we
modified the pristine LDH by intercalating it with casein. Casein, which becomes anionic
above its isoelectric point, is intercalated between the highly charged LDH layers through
anion exchange (see scheme in Figure 1g). The homogeneous distribution and stabilization
of the organic casein at the molecular level are driven by an integrated hydrogen-bonding
network and Van der Waals interaction, as well as the host-guest interactions [42]. In

127



Foods 2022, 11, 1120

particular, the negatively charged groups of casein (-COO−) would electrostatically interact
with the LDH host layers, while its positively charged -NH3+ groups would repel, exposing
the aqueous phase [43]. Comparing Figure 1a with b and inferring from the results of DLS,
FTIR, and XRD, it is evident that the LDH lamellar structure acted as lasagna sheets having
casein as the lasagna filling. The smaller agglomeration size of CLDH as compared to LDH
(DLS data Figure 2a) and XRD data (Figure 2d) suggested that casein intercalation facilitated
the dispersion of CLDH by changing the crystallographic structure of LDH. While the
resulting CLDH showed improved suspension stability as depicted in Figure 4b, it was
not on a par with E171. However, surface modification of CLDH with CMC prolonged the
suspension stability of composite material suggesting the role of CMC in improving the
electrostatic and steric hindrance-based repulsion between particles.

Light scattering at the boundaries within the 3D crystals of LDH is thought to play
an important role in the white color appearance of the LDH. CLDH, however, has several
types of interactions including stacking and charge interactions from sandwiching of casein
molecules between the brucite layer, imitating a micelle-like structure. Surprisingly, CLDH
exhibited a strong anti-reflectance behavior in the near UV region. This could be due to the
incomplete anionic-exchange and increased amount of casein on the LDH surface, leading
to a lower opacity. As described in the introduction, the “filling” of the interlayer lasagna
sheets is mainly composed of water molecules and anions. When casein intercalation takes
place, the former anion would be desorbed slowly from the LDH lattice. As the interlayer
gets fully occupied, the excess casein could be exposed at the particle-water (aqueous
phase) interphase [44]. Surface modification of CLDH with CMC (CCLDH) increased the
reflectance possibly due to the ordered CMC acting as milk fat replacers entrapping the
CLDH aggregates, forming a micelle-like structure [45]. The negative zeta potential of
CCLDH could be due to the adsorption of CMC to CLDH through H-bonding between the
hydroxide of LDH brucite layers and amide groups of the CMC molecules. In addition, the
LDH composites suspensions showed high stability at elevated temperatures and alkaline
pH after intercalation of casein due to the host-guest interaction involving hydrogen bonds
as demonstrated by FTIR analysis. Addition of CMC also effectively protected the LDH
particle suspension from heat-induced aggregation possibly because of steric stabilization
mediated by multilayer structures [46]. Notably, LDH and its composites showed a general
tendency of decreasing suspension stability as a function of decreasing pH. The basal
surface is positively charged due to the isomorphous substitution of Mg by Al while the
charges from the edges arise from the pH-dependent -OH groups. Therefore, a topotactic
reaction may take place causing layer erosion at acidic pH [47]. This results in a decrease
of electrostatic repulsions leading to the collapse or aggregation of LDH. In addition, the
intercalated casein could be released as the LDH layers get delaminated at low pH [48].

Interestingly, intercalating the pristine LDH with casein improved its stability when
dispersed in water, but this finding also evokes recognition of the LDH composite by the
immune system. Based on the TEM micrographs in Figure 1a, the mixed (horizontal and
vertical) platelet morphology allows the composite to form porous structure, acting as a
protective layer encapsulating the casein molecule, thus attenuating the allergenicity of
casein to a great extent [15]. Loading of casein into the interlayer galleries of the LDH
octahedral sheets significantly reduced the antigenic IgE response to casein, therefore
inhibiting the immunoreactivity. In comparison to CLDH, the antigenicity of CCLDH
was not that apparent in comparison to casein. More studies are required to rule out
the possibility of non-specific interaction between IgE and CCLDH containing CMC on
the surface.

The predisposing factor of the successful application of an E171 alternative would be
its efficacy in terms of intended function (expressed as % reflectance). However, industrial
adaptation of the alternative food pigment should also consider other factors like scalability,
reproducibility, cost, and safety. CCLDH, an anionic clay composite, is indeed an ideal
white pigment alternative as shown in the alternative assessment analysis when these
factors were considered (Figure 6). While this comparison was made on general grounds,
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more studies are warranted for determining the suitability of LDH composites in specific
food applications.

5. Conclusions

Our findings contribute to the potential application of LDH composites as an alterna-
tive white food pigment. Mg-Al LDH was synthesized using the hydrothermal method.
Masking power and suspension stability of the pristine LDH were substantially improved
when casein was intercalated, followed by surface coating with CMC to form CCLDH.
Casein antigenicity was also found to be suppressed when intercalated between the brucite
layers. The ever-increasing demand for TiO2 alternatives as white pigment for food and
pharmaceutical applications occurs under the constrains of today’s consumer choices on
products that are not only delicious and visually appealing but also safe and better for
human and environmental health. In this regard, results from the current study suggest
promising applications of LDH composite as a white pigment for food, pharmaceutical, and
cosmetic products. Nonetheless, the compatibility of LDH composites with common food
ingredients and elaborate safety assessment using animal models remain to be explored.
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Abstract: In recent years, the digital revolution has involved the agrifood sector. However, the
use of the most recent technologies is still limited due to poor data management. The integration,
organisation and optimised use of smart data provides the basis for intelligent systems, services,
solutions and applications for food chain management. With the purpose of integrating data on
food quality, safety, traceability, transparency and authenticity, an EOSC-compatible (European
Open Science Cloud) traceability search engine concept for data standardisation, interoperability,
knowledge extraction, and data reuse, was developed within the framework of the FNS-Cloud project
(GA No. 863059). For the developed model, three specific food supply chains were examined (olive
oil, milk, and fishery products) in order to collect, integrate, organise and make available data relating
to each step of each chain. For every step of each chain, parameters of interest and parameters of
influence—related to nutritional quality, food safety, transparency and authenticity—were identified
together with their monitoring systems. The developed model can be very useful for all actors
involved in the food supply chain, both to have a quick graphical visualisation of the entire supply
chain and for searching, finding and re-using available food data and information.

Keywords: smart data; search engine concept; search engine visualisation; interoperability; food
supply chain; food safety; nutritional quality; traceability; authenticity; food transparency

1. Introduction

Recently, the food industry has become invested by technological innovations: the
route toward the fourth industrial revolution (Industry 4.0) has started [1].

The spread of digitisation and interconnection led to a growth in the quantity of data
worldwide and in 1997 the term ‘big data’ was created [2]. There are different definitions of
big data in literature because the concept contains several facets. A common understanding
is that data is considered as big data if its variety, volume, velocity, veracity, variability,
complexity, or value is too hard or impossible to handle with existing data management,
data storage or data analysis methods [3,4]. Therefore, new methods are needed to manage,
store and analyse big data; this includes new statistical thinking and methods, allowing
data itself to identify pertinent variables and patterns that shape the observed outcome [5].

Data are used by companies in several fields: marketing and sales, finance and control,
information systems, purchasing, manufacturing, and supply chain [6]. In the agrifood
sector, the use of big data is still new [5]. Until now, it has been used to optimise production
and to ensure quality and safety [7]; data itself is not useful if it is not used to create value.
Today, there are literature debates on how “big” data can become “smart” by transforming
the huge quantity of data into strategic knowledge for decision-makers [8].

Foods 2022, 11, 989. https://doi.org/10.3390/foods11070989 https://www.mdpi.com/journal/foods133
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The rise of the European Open Science Cloud (EOSC) [9] highlights the need for open
data sharing, integration, and interoperability, following the FAIR approach [10]. The FAIR
principles define that data should be findable, accessible, interoperable, and re-usable.
The ambition of EOSC is to develop a web of FAIR data and services for the research
community and beyond. The FAIR principles are therefore supporting that data is publicly
available for research, industry, consumers, and governments as much as possible. The
EOSC turned into an association, and it is collaborating with the European Commission to
reach this goal.

The Digital Economy and Society Index (DESI) summarises the digital performances
of EU countries in different aspects, such as digital skills, online activity or digital public
services, and it tracks changes over time. An analysis of the 2021 index shows a varied
picture between member states [11]. This is one reason why digitalisation represents a
strategic priority on the political agenda of EU institutions. The use of new technolo-
gies gives opportunities to cope with challenges related to the environment, food safety,
inclusion, sustainability and transparency of agrifood systems at the national, regional
and international level. Digitalisation allows for tracing and tracking across and through
the various processes in the chain, enabling greater control over the products and the
chain itself, thus promoting consumer confidence in the production system. Information
and communication technologies (ICT) support and improve the efficiency of agrifood
marketing, product quality and quality maintenance [12].

The main technologies explored in the agrifood sector are smart sensing and moni-
toring systems (e.g., Internet of Things—IoT, with sensors) using Edge or 5G mobile net-
works, artificial intelligence (AI), app-based services or blockchain technology (BT) [13,14].
Blockchain was born in 2008 with the cryptocurrency called “Bitcoin” [15], and in the last
years it has started to be used by the food industry [16,17]. Its proprieties of decentralisation,
transparency and immutability [18] are just some of the strengths that increase research
on the topic and its use worldwide [19]. Blockchain was first applied to trace food, but it
can also be used, for example, to better monitor food safety, prevent food fraud, reduce
waste and give transparency to the consumer [16]. The use of blockchain and big data
are proposed to improve agrifood traceability [17,20,21] and to let companies evolve in
smart, data driven systems. Transparency and data-sharing between national governments,
agencies and industries are the key to better work on risk management, detecting and
preventing fraudulent practices and taking actions to inform consumers.

Nowadays, the agrifood sector faces multiple challenges such as population growth,
climate change, greenhouse gas emissions, loss of biodiversity, the threat to food security
from over-fishing, soil erosion and water shortages. In addition, globalisation in the food
trade has led to complexity and fragmentation in the agrifood sector: distances have be-
come bigger and the requirement to keep safety along the supply chain is fundamental to
preventing diseases [22]. These challenges currently require a broad vision that should con-
sider all the following interconnected aspects related to food (Figure 1): quality (intended
as nutritional and sensorial quality), safety, authenticity, integrity, traceability, transparency
and sustainability.

The European Commission aims to assure a high level of food safety and animal and
plant health within the EU, through coherent Farm to Fork measures and adequate monitor-
ing, while ensuring an effective internal market with the implementation of a worldwide
integrated food safety policy. Of increasing importance is the One Health approach, consid-
ering the close connection between human health, animal health, and environmental health;
therefore food, animal feed, animal and human health, environmental contamination, and
environmental impact are closely linked. In order to achieve Goal 2 of the United Nations
Sustainable Development Goals (SDGs), another aspect to be considered in every plan and
process is sustainability. In the EU, around 88 million tonnes of food waste is generated
every year. Primary production, processing and wholesale and retail altogether contribute
to the 35% of the total [23].
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Figure 1. Relationship between food transparency, food integrity, food traceability, food quality, food
safety, food authenticity and sustainability.

The sharing of knowledge and information between players allows for the prevention
of food losses and surpluses (reducing food waste) and the education of consumers on the
conscious use of food.

Safety, quality and authenticity should be guaranteed by sustainability principles.
These three concepts should always be taken into consideration to prevent food adulter-
ation and contamination (WHO estimates each year 600 million foodborne illnesses and
420,000 deaths worldwide [24]) to maintain quality during primary production, processing,
logistics, retail and post-retail, and to guarantee the nature, identity, claims, and origins
of foods. Traceability acquired relevance after a series of food scandals and safety inci-
dents [25]. As a result, today, storing information for tracing in food supply chains has
become mandatory worldwide [26], while integrity is a multidisciplinary issue covering all
aspects of the food chain from producers to consumers [27].

Existing food nutrition security data, knowledge, and tools for health and agrifood
sciences—although widespread—are fragmented, and access is unevenly distributed for
users. This means data are not readily FAIR.

This data fragmentation is not only a reality for food security, but also for the whole
domain of scientific food data. Nowadays, we are living in a globalised food trade where
the competition for innovation and reputation between different academic, governmental,
private and new technologies is increasing the amount of data that is being produced.
In such a scenario, datasets are widely spread and fragmented, and it is more and more
challenging to keep an overview of the existing data that can be re-used for new research
and investigations.

This work aims to overcome these challenges by providing a concept for a search
engine that will give an overview of the existing datasets covering different food areas and
improve food traceability and transparency. The concept was developed in the FNS-Cloud
project, and it is not limited to food data but is more generally applicable. Therefore, only
the concept is presented while implementation is depending on the data domain. The
concept supports the FAIR principles and therefore the idea of open science; it uses some
visualisation and it allows for the identification of datasets with information on content,
interoperability, quality and accessibility along the food lifecycle. The concept therefore
allows for access to and the discovery of data and metadata integration and analysis based
on research queries about nutritional quality, food safety, authenticity and transparency to
support all actors of the food system: primary producers, processors, distributors, retailers,
consumers, researches, inspection and control agencies, certification bodies, authorities and
policy makers (Figure 2).

135



Foods 2022, 11, 989

Figure 2. Interoperability network through food system [28].

Section 2 describes the methodology and how three food supply chains were inves-
tigated to identify the characteristics for a search engine concept. Section 3 presents the
resulting search engine concept, and Section 4 draws conclusions about the concept.

2. Methodology

The use of data as strategic knowledge in the agrifood sector is a resource for multiple
stakeholders. The traceability search engine concept was designed using three specific food
supply chains as a model to make sure that the concept is more generally valid considering
the differences—sometimes very relevant—that occur among the different production
chains. The olive oil, milk and fishery products food chains were selected as a model based
on the following criteria:

1. To consider products of both vegetable (olive oil) and animal origin (milk and
fishery products);

2. To consider products of interest (e.g., economically important) in various European
geographical areas (the Mediterranean area for olive oil, central Europe for milk,
northern and Mediterranean area for fishery products);

3. To consider products of different supply chains that allow for covering multiple
issues and research questions such as nutrition claims (olive oil), the definition of geo-
graphical (milk and fishery products) and botanical (olive oil) origin and production
sustainability (fishery products);

4. The possibility to extend the case studies to further products obtained by their pro-
cessing (e.g., dairy products).

For the olive oil, processes that lead to edible virgin olive oils (extra virgin olive oil
and virgin olive oil), as defined in Reg. No 1308/2013 (cons. 2020) [29], were included.
For the milk, cow milk was specifically considered without including dairy products. For
fishery products, all seawater or freshwater animals (except for live bivalve molluscs,
live echinoderms, live tunicates and live marine gastropods, and all mammals, reptiles
and frogs) whether wild or farmed were considered including all edible forms, parts and
products of such animals, as defined in Reg. No n.853/2004 (cons. 2021) [30]. To cover
different types of fishery products three different specific supply chains were examined as
examples of three food product categories:

1. Sole supply chain—as representative of a marine wild-caught, medium size, and
lean fish;

2. Salmon supply chain—as representative of the aquaculture line, large size, and
fatty fish;
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3. Anchovies supply chain—as representative of a marine wild-caught, small size,
medium fat fish.

First of all, each step of the food chain, with all possible routes, was mapped from
primary production to human intake.

The mapping was reported in a flowchart for several purposes: to enable an easier
comprehension, to support data analysis step by step, and to support visualisation.

Then, a table was created in which each step was described in detail and the inputs
and outputs of the steps were identified. The input and the output of a step describes the
status of incoming and outgoing food in order to identify them uniquely.

When applicable, terms were reported with their official definitions (e.g., for FAO,
WHO, European Regulations, or EFSA documents).

Finally, every step was examined to understand its effect on nutritional quality, safety,
authenticity and transparency, and to obtain a catalogue of significant parameters.

For nutritional quality, intrinsic attributes of food such as chemical composition, phys-
ical structure, biochemical changes, nutritional value and nutraceuticals (i.e., the capacity,
due to the chemical components, to bring benefit to human health) were considered, as
well as shelf-life and the way packaging interacts with the food. For food safety, microbial
and chemical contamination were considered (hazards from pathogens, microbial spoilage,
presence of mycotoxins, heavy metals, pesticides, etc.). The conditions and practices that
influence the nutritional quality of intrinsic attributes of food, and that influence food
safety (leading to contamination and foodborne illness) were examined. Authenticity
and transparency were considered concerning chemical or genetic markers and profiles
that allow for the demonstration of geographical, botanical, or zoologic origin, or for the
identification of frauds.

For each criterion (nutritional quality, safety, authenticity and transparency) and each
step the following parameters were identified:

• Parameters of interest
• Parameters of influence

The parameters of interest (data) are considered as analytes (e.g., a chemical, physi-
cal or microbiological substance or component) or as nominal properties/characteristics
(e.g., profile or taste) that may be subjected to change depending on the conditions in the
step under investigation. The parameters of interest were reported for each step, or in some
cases for multiple pooled steps, with the specification of the matrix (e.g., semi-finished
products). Some of them were compulsorily provided by the manufacturers, while others
were measured only voluntarily.

The parameters of influence (metadata) are considered as conditions that can have an
effect on or modify the levels of the parameters of interest. They can refer to the matrix of
the corresponding stage, or to other aspects (e.g., the environmental, processes, conditions).
For example, the physical–chemical characteristics of soil can influence the bioavailability
of toxic and potentially toxic elements and therefore their content in the olives; pedoclimatic
conditions such as temperature, rainfall and distance from the sea can affect the isotope
ratios and nitrogen level and sun exposure can affect the content of polyphenols.

Finally, for each parameter (or class of parameters) and each step, monitoring systems
(e.g., indicators/measurement devices) of the parameters of interest and influence were
mapped by differentiating between those for offline detection, such as analytic laboratory
methodologies, and those permitting in situ and in-line monitoring, such as IoT sensors.

Based on this examination, a concept for a traceability search engine was created that
allowed searches for the different aspects described above. Such a concept is presented in
the results section.

The above-described methodology has been applied for all of the three supply chains.
In order to provide a practical example, what has been elaborated for the olive oil supply
chain is presented in Figure 3 (flowchart), Table 1 (inputs and outputs of the supply chain’s
steps) and Table 2 (catalogue of parameters of interest and parameters of influence).
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Figure 3. Flowchart of the edible virgin olive oils supply chain.

Table 1. Extract of the table describing each step with their inputs and outputs.

Step Definition Input Output

Cultivation and Growth All stages that concern agronomic practices to make
olives grow and keep them healthy until harvest Olive Trees Olives

Harvesting

The process of gathering a ripe crop from olives
fields. It can be done after natural fall, by hand, by

beating the branches, with shakers, by combing
(previously is commonly used to put canvases on
the soil for the reception of the harvested fruits)

Olives Olives

Postharvesting Olives are taken from the nets on the ground and
put into bins Olives Olives

Transport of Olives Olives are transported to oil mill by olive grower Olives Olives

Olive Storage Olives are stored in rigid and ventilated containers
in a cool and dry environment Olives Olives

Combining Different Loads of Olives Olives can arrive from different olive’s growers and
are mixed together Olives Olives

Cleaning Involves defoliation and washing Olives Olives
Sorting Discarding any bruised or defective fruit Olives Olives

Depitting Separation of the pits from the olives Olives Olives
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Table 2. Extract of the catalogue of parameters of interest and parameters of influence for nutritional
quality, safety and authenticity/transparency concerning the virgin olive oil supply chain. The phases
in italics are optional and at the choice of the food companies and “X” indicate that the process phase
does not affect authenticity/traceability.

Nutritional Quality Safety Authenticity/Transparency

Phase Matrix Parameters of
Interest

Parameters of
Influence

Parameters of
Interest

Parameters of
Influence

Parameters of
Interest

Parameters of
Influence

Cultivation
and Growth

Olives

fatty acids (FFAs,
SFAs, MUFAs and

PUFAs), total
polyphenols,
tocopherol,
secoiridoids
(oleuropein,

hydroxytyrosol),
phytosterols,

pigments
(carotenoids,
chlorophylls),

lignans, secoiridoid
derivatives,

3,4-DHPEA-AC,
monoglycerides and

peroxides, DAGs,
peroxide value, pH,
total CHO, soluble

solids, % in oil

climatic and
pedoclimatic

conditions (e.g.,
air composition,

sun exposure,
physical-
chemical

characteristics of
soil and trees,

irrigation); type
and fertilisers

content; pruning,
pest and disease

management

toxic and
potentially

toxic elements,
Polycyclic
Aromatic

Hydrocarbons
(PAHs),

mycotoxins,
radionuclides

pedoclimatic
conditions (e.g.,

physical-
chemical

characteristics of
soil,

environmental
pollution) phys-

iopatological
factors, biocides

and plant
protection
products

(pesticides used)

isotopic ratios,
rare earth

elements, mi-
cronutrients,

pigments
profiles,
genomic
profiles

cultivar,
latitude,

longitude,
rainfall,

distance from
sea, sun

exposition,
physical-
chemical

characteris-
tics of soil,

fertilisers use

Harvesting

time (t),
techniques

applied, maturity
index,

detachment
index

foreign
matters,
texture,

integrity

t, harvesting
system,

microbiological
and biological
contaminants

X X

Postharvesting Temperature (T),
t, mechanical

breakages,
equipment

toxic and
potentially

toxic elements,
free acidity,

peroxide, K232
value, mold,
insect and
microbial

infection, mold,
FFA, peroxide

value

aeration,
equipment and

storage
conditions (T, t),

mechanical
breakages,

handling, foreign
materials

Transport of
Olives

Olives
Storage

micronutrients
content, free acidity

level, peroxide, K232
value, K270 value,

mold

storage
conditions (T, t),

processing
equipment (e.g.,

tanks, pipes,
drums, etc.)

Arrival at the
Mill

air humidity, free
acidity

storage
conditions (T, t)

Combining
Different
Loads of
Olives

micronutrients, total
polyphenols,
secoiridoids
(oleuropein,

hydroxytyrosol)
phytosterols,

pigments (e.g.,
carotenoids)

mixing ratio,
content in each
single load of

olives

chemical
residues

mixing ratio,
content in each
single load of

olives

isotopic ratios,
rare earth

elements, mi-
cronutrients,

pigments
profiles,
genomic
profiles

olives loads
provenance,

cultivar,
latitude,

longitude,
rainfall,

distance from
sea, sun

exposition,
physical-
chemical

characteris-
tics of soil,

fertilisers use

Cleaning total polyphenols T, t, washing
water quality

toxic and
potentially

toxic elements,
foreign
matters,

pesticides

T, t, washing
water quality

X X

Sorting olive texture X olives texture X

Depitting pits, pit dust machines
efficiency pit dust pit hardness
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3. Results: Traceability Search Engine Concept

The purpose of the traceability search engine concept is to support users in searching
and finding available food data and information, and to provide knowledge and guidance to
its users. A summary of the concept in one sentence could be the following: the traceability
search engine concept uses tags having semantical meaning, groups them in dimensions,
assigns each data or information resource these tags, allowing use of either a simple search
or a visual space search, and offering informed guidance. In the following, some terms will
be defined, the idea of dimensions are explained, and finally the visual search of data and
information resources is presented.

The first term that the search engine concept uses is data or information resource
which can be a dataset or a scientific publication. Such data or information resources can
have any form or format, and they can be structured, semi-structured or unstructured
data or information. While structured data or information such as databases or Excel files
have data organised in a certain order such as rows and columns, unstructured data or
information such as free text do not use an ordered structure and data and information
must be extracted. Semi-structured data and information is in between structured and
unstructured, and it normally combines them. An example could be a Wiki where each
term is explained on a separate page and therefore using a list structure, but the content of
a page is free text and therefore unstructured. This structural classification is a high-level
classification, while more concrete types of data or information resources are commonly
used as datasets, databases, Wikis, scientific papers, project reports or websites.

The concept does not require that data and information resources are directly included
in a software that implements this concept. It is only required that a resource is described
with enough information so that it can be used in the rest of the concept.

The type of a resource is a first characterisation of a data and information resource,
and it is considered as a dimension in the concept. A dimension has different tags, and
a tag is a term or a keyword that can be assigned to a resource, and it describes a certain
aspect of the resource, see Figure 4. The dimension is therefore the group, while the tags
are concrete values such as dataset, scientific publication or Wiki.

Figure 4. A dimension is a group of tags which are possible concrete terms or keywords of
the dimension.

For each resource, none, one or multiple tags of a dimension can be assigned. The tags
and the dimensions have a name and a description explaining their meaning and usage.
Additional fields can be added such as input and output as we have seen in the former
section. Tags within a dimension can also have a hierarchical structure, allowing for the
use of a tree structure with multiple parents. In the food traceability search engine concept,
the following dimensions are defined:

(a) Type—defines the type of the resource;
(b) Food group/matrix—describes a group of foods or a single food item;
(c) Food supply chain—describes for each food group/matrix a separate chain of phases;
(d) Country—defines the country of origin for the data or information of a resource;
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(e) Main aspects of food science used in this concept—tags are nutritional quality, safety,
and authenticity/traceability (based on the outcome of the former section);

(f) Research area—defines a comprehensive list of research aspects in food science which
can change over time;

(g) Target audience—defines different user groups such as primary producers, proces-
sors, distributors, retailers, consumers, researches, inspection and control agencies,
certification bodies, authorities and policy makers;

(h) Access mode—defines how a resource can be accessed, e.g., open access, restricted
access or no access;

(i) Year—defines the year of a resource;
(j) Chemical substance—defines the list of nutrients, contaminants, and other chemical

substances;
(k) Parameter of interest—describes properties of foods that are of interest when it

comes to traceability in combination with nutritional quality, safety and authen-
ticity/transparency as presented in the former section. Parameters of influence are
facts that have an influence on the measurement of the parameter of interest.

The food supply chain is another example of a dimension and each step in the chain
is considered a tag. Two or more dimensions can have dependencies between each other.
For example, the dimension food group or matrix and the dimension food supply chain.
Depending on the food group, the food supply chain can be different as presented in the
last section. The concept therefore allows for the defining of dependency rules for tags
and dimensions. A dependency rule for dimensions allows for defining each food group’s
different food supply chain. Another example is that the parameter of interest is a super
dimension where all other dimensions are child dimensions; they were separated because
they represent a specific aspect. A dependency rule between tags allows for defining that
tags of one dimension can only occur in combination with tags of other dimensions; e.g.,
certain parameters of interest only occur in combination with a certain phase in the food
supply chain, see Table 2.

The description of dimensions and the description of dependency rules are designed
to inform users and to serve as a knowledge and documentation base in the domain of the
traceability search engine. The documentation should not only allow simple description
but also an advanced documentation means as shown in Figure 5. The documentation
contains all the information that was collected in the former section, and it represents
the current knowledge. As this is developing over time, this documentation needs to be
adjusted and extended.

Possible users of such a search engine can range from laypersons to experts, and
they are presented in Figure 2. Depending on the type of user, an appropriate scope
of information can be made available. For more advanced users, more information can
be presented while for less advanced users summaries and simplifications are enough.
Therefore, the user should be able to define his/her level of expertise.

The documentation supports consumers by providing information about the produc-
tion chain of a food item and allowing identification processes that can influence quality,
safety, authenticity and transparency. For example, users can check the quality of milk
and what affects it. Researchers on the other hand have the ability to find information
about which production step influences authenticity and be able to compare their data to
other datasets. Food producers also have the possibility to investigate the influences on the
quality of their food production, and they can use the knowledge for improvements.

Having assigned the tags to the resources, they can be used to browse and search data
and information resources. A simple search allows therefore to select one or multiple tags
from one or multiple dimensions and to retrieve all resources that have these tags assigned.
The result is normally presented as a list of resources. If more than one tag is used, it should
be defined if the AND, OR, or both operators are used. The AND operator defines those
resources must have all tags assigned while the OR operator defines that either of the tags
must be assigned.

141



Foods 2022, 11, 989

 

Figure 5. Example of detailed documentation of the olive oil milling process.

More interesting is the space search because the result list of resources has some
limitations. The list, for instance, does not show where no resources are available and
comparing tags is more or less comfortable depending on the implementation. A result list
must be considered as a keyhole view where only a part is visible, while most of the room
is not visible. The space search solves this issue by allowing the use of dimensions to span
a result space. If two dimensions are selected, the tags of one dimension are put next to
each other on one axis and the tags of the other dimension are put next to each other on
the other axis. This results in a table and the data and information resource are listed in
the corresponding cell. Table 3 shows a schematic example where the food supply chain
was used in combination with three main aspects in food science, which are safety, quality,
authenticity and transparency.

Table 3. Example of result presentation of a 2-dimensional space search.

Primary
Production

Processing Packaging
Storage and
Distribution

Retail
Final

Consumption

Safety

TDS data (link)
Medication

concentration
data (link)

Nutritional
quality

Possible
contamination
during olive oil
extraction (link)

Loss of
vitamins during

storage (link)

Label information
(link)

Greece food
composition

database (link)

Authenticity/
transparency

Isotope
data (link)

The resulting table in Table 3 demonstrates how the keyhole view is removed by
showing all possible combinations of two dimensions providing an overview of what data
and information resources are available and where no resources are available. The example
also shows that not all tags need to be mapped on an axis to reduce the number of columns
and rows.

142



Foods 2022, 11, 989

Taking into account different users and their needs, a graphic presentation of the
entire supply chain is beneficial, showing its individual steps and the entire food flow
process from primary production to human intake. Thanks to this, users can see the entire
complexity of the process as well as obtain detailed information about the phase of the
process that interests them.

The resulting cells are clickable and, when selected, another view with all resources
is presented, showing more information than in the multi-dimensional result space. The
idea is that the list items or the result space items represent a short summary, while more
information can be found on a separate page when clicking on an item. The list or search
space result presentation is called result view while the detail information page is called the
detail view. How the detail view is structured and what information it contains depends
on the data domain.

The space search is not limited to two dimensions, but it can combine three or more
dimensions. The presentation of the result gets a challenge as multi-dimensional spaces are
hard to present and maybe a decomposition in multiple 2-dimensional tables is needed.

The concept also allows for the combining of two or more dimensions on a single axis
to increase the space that is spanned and to enlarge the overview of available resources. A
limiting factor is the space of the computer screen, in particular if tablets and mobiles are
used. In such cases, the reduction of tags mapped on axes is advisable.

Finally, the simple search and the space search can be combined. While the space
search presents the results in multi-dimensional space, the dimensions that were not used
to span the space can be used to further filter resources. In this way, more advanced search
operations are possible and more specific results can be presented.

4. Conclusions

The traceability search engine concept and its developed model fit the purpose of
collecting, organising, making available and integrating data and metadata on food quality,
safety, traceability, transparency, and the authenticity of products along the food supply
chain, following the FAIR approach. The developed model is helpful both to have a
graphical visualisation of the entire food supply chain and to have the possibility to carry
out different types of searches. Searches can be made on different dimensions alone or
in combination between them (type of resource, food/matrix group, food chain, country,
aspects related to food science, research area, target audience, access mode, year, chemistry,
the parameter of interest) and their different tags (e.g., a step in a specific food supply
chain). This model supports users in finding available food data and information, and
it provides them with knowledge and guidance, according to the type of user. Indeed,
depending on the expertise of the user, much more detailed information can be made
available for advanced users and simplifications or summaries can be delivered for less
advanced users. Sharing smart data in the network can support all actors in the food
system. Thanks to the dedicated information displayed for each user category, companies,
policy makers, local authorities and citizens can benefit from the model. This work
integrates knowledge of food science and innovative engineering. The next step will be
exploring the possibility to integrate blockchain technologies in the demonstrator to give
more transparency to all users.
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Abstract: Olive mill wastewater, a high polyphenols agro-food by-product, was successfully exploited
in an eco-friendly radical process to synthesize an antioxidant macromolecule, usefully engaged as
a functional ingredient to prepare functional puddings. The chemical composition of lyophilized
olive mill wastewaters (LOMW) was investigated by HPLC-MS/MS and 1H-NMR analyses, while
antioxidant profile was in vitro evaluated by colorimetric assays. Oleuropein aglycone (5.8 μg mL−1)
appeared as the main compound, although relevant amounts of an isomer of the 3-hydroxytyrosol
glucoside (4.3 μg mL−1) and quinic acid (4.1 μg mL−1) were also detected. LOMW was able to
greatly inhibit ABTS radical (IC50 equal to 0.019 mg mL−1), displaying, in the aqueous medium, an
increase in its scavenger properties by almost one order of magnitude compared to the organic one.
LOMW reactive species and tara gum chains were involved in an eco-friendly grafting reaction to
synthesize a polymeric conjugate that was characterized by spectroscopic, calorimetric and toxicity
studies. In vitro acute oral toxicity was tested against 3T3 fibroblasts and Caco-2 cells, confirming that
the polymers do not have any effect on cell viability at the dietary use concentrations. Antioxidant
properties of the polymeric conjugate were also evaluated, suggesting its employment as a thickening
agent, in the preparation of pear puree-based pudding. High performance of consistency and relevant
antioxidants features over time (28 days) were detected in the milk-based foodstuff, in comparison
with its non-functional counterparts, confirming LOWM as an attractive source to achieve high
performing functional foods.

Keywords: olive mill wastewater; polyphenols; antioxidant features; tara gum; pudding; rheological
properties

1. Introduction

In recent years, to increase beneficial effects on the human health of many foodstuffs
and beverages, some health-promoting natural substances with antioxidant activity were
used as high- performing functional ingredients [1]. In particular, the exploitation of
agro-industrial wastes represents a smart opportunity for sustainable growth and the
scientific research so far has made considerable efforts to reuse and enhance agro-food
waste as a source of bioactive compounds for large use in cosmetics, pharmaceuticals and
in the agri-food field [2,3]. Our scientific experience suggests that antioxidant features
of biomolecules in the olive mill wastewaters (OMW), as well as leaves, pomace and
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pits discharged from the EVOO production process, are partially recycled and usefully
employed in the nutraceutical and pharmaceutical fields [4,5]. To this regard, literature
data highlighted that the employment of macromolecular antioxidants displayed some
undoubted advantages such as increased stability and slower degradation rate, compared
to the compounds with low molecular weight [6]. In particular, polysaccharides are
involved in the preparation of different foodstuffs specifically in a wide variety of milk-
based desserts such as pudding due to their ability to influence the rheological and texture
characteristics of the final product [7]. Puddings are semisolid dairy desserts that are
generally milk protein-based starch pastes [8]. Nowadays, on the market are available
ready-to-eat puddings or alternatively instant pudding powders able to get a gel structure
by dissolving, in a relatively short period time, in cold water or milk and a subsequent
cooling step [9]. The formulation of the commercial pudding powders usually consists of
hydrocolloids, starch, flavors, sugars and colorants [10].

In this article, the possibility of using the polyphenolic components present in the
OMW to obtain a functional polymer able to be employed in the preparation of puddings
which display a high performance of consistency (mechanical properties) and relevant
antioxidant features over time was investigated. For this purpose, tara gum (TG) was
functionalized with reactive components of the OMW allowing the synthesis of a polymeric
conjugate, representing a basic component of the pudding formulation. TG was picked
up from the tara seed endosperm and based on (1 → 4)-β-mannose chain with an unit of
(1 → 6)-α-galactose (mannose to galactose ratio equal to 3:1) [11]. In conjunction with the
starch, TG allows the gelling process of the food hydrocolloid [12]. TG has been largely
proposed in the food field as encapsulating material of bioactive molecules by freeze-drying
and spray-drying methods [13] or in the preparation of crosslinked polymeric carriers able
to deliver nutraceuticals [14]. Our challenge was to synthesize a TG-based macromolec-
ular antioxidant by a molecular grafting reaction using a redox couple (H2O2/ascorbic
acid) as an initiator system and involving the heteroatoms in the polymer chains of the
polysaccharide and the polyphenol moieties of the active compounds in the OMW.

The polymer conjugate was used as a thickening agent in the preparation of pear
puree-based pudding, which has been characterized over time by rheological tests and
whose antioxidant profile has also been depicted. The employment of the antioxidant TG
by increasing the total content of phenolic groups in the final product and preserving the
biologically active molecules derived from fruit should guarantee a food product with a
greater antioxidant capacity, practically unchanged over time. Finally, rheological analyses
in asymptotic kinematics made it possible to evaluate the effects of the functionalized
polysaccharide on the colloidal structure of the pudding. Specifically, the weak gel model
was applied to analyze the strength of the gel and its coordination in quantitative terms.

2. Materials and Methods

2.1. Chemicals

Tara gum, pectin esterified from citrus fruits with a degree of methoxylation of
55–70%, gallic acid, (+)-hydrated catechin, L-ascorbic acid, hydrogen peroxide (H2O2,
30% v/v), Folin–Ciocalteu reagent, carbonate sodium (Na2CO3) radical 2,2′-diphenyl -1-
picrylyhydrazyl (DPPH), radical 2,2′-azino-bis (3-ethylbenzothiazolin-6-sulfonic) (ABTS),
potassium persulfate (K2S2O8), ammonium molybdate tetrahydrate ((NH2)2MoO4), sodium
molybdate (Na2MoO4), sodium nitrite (NaNO2), sodium phosphate (Na3PO4), aluminum
chloride (AlCl3), hydrochloric acid (HCl), sodium hydroxide (NaOH), absolute ethanol,
methanol, Whatman No. 3 filter paper, dialysis membrane (MWCO: 12,000–14,000 Da),
were purchased from Sigma Aldrich (Sigma Chemical Co., St. Louis, MO, USA). HPLC
grade water, formic acid and acetonitrile were purchased from VWR (Chromasolv, VWR
International Srl, Milano, Italy).
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2.2. Sample Collection and Preparation

Green olives of Roggianella cultivar were harvested (October 2019) in the Northern
of Calabria and processed on-site the next day (Oil mill Vinciprova srl in San Vincenzo la
Costa (Cosenza, Italy)) using a semi-continuous Enorossi 150 traditional olive oil pressing
system (Enoagricola Rossi, Calzolaro di Umbertide, Perugia, Italy) standardized to press
a maximum of 150 kg of olives at a time. Olive mill wastewater (OMW) sample was
collected and stored in 1.0 L low density polypropylene airtight containers at −18 ◦C
until use. OMW were filtered and, subsequently, the filtrate was centrifugated (10 min at
10,000 rpm). Finally, the solution was frozen and dried by freeze-drying providing a dark
colored vaporous solid (LOMW).

2.3. Chemical Characterization of Lyophilized Olive Mill Wastewaters
2.3.1. HPLC-MS Analysis of Lyophilized Olive Mill Wastewaters

HPLC 1100 system composed of a degasser, quaternary pump solvent delivery, ther-
mostatic column compartment, auto-sampler, single wavelength UV-Vis detector and MSD
triple quadrupole QQQ 6430 in a series configuration (Agilent Technologies, Palo Alto,
CA, USA) was employed for the polyphenols analysis. LOMW was resuspended in 2 mL
ethanol/water (1:1, v/v) to a final concentration of ~1.2 mg mL−1 and filtered through
0.2 μm pore size regenerated cellulose filters (VWR International Srl, Milano, Italy) and
injected onto a reversed stationary phase column, Luna C18 (150 × 2 mm i.d., particle size
3 μm, Phenomenex, Torrance, CA, USA) protected by a C18 Guard Cartridge (4.0 × 2.0 mm
i.d., Phenomenex). HPLC separation was carried out through a binary gradient consisting
in (solvent A) H2O/formic acid 0.1% (v/v) and (solvent B) acetonitrile: 0 min, 10% B; 1 min,
10% B; 15 min, 30% B; 22 min, 50% B; 28 min, 100% B; 34 min, 100% B; 36 min, 10% B,
followed by washing and re-equilibrating the column (with ~20 column volume). The
column temperature was controlled at 20 ◦C and the flow was maintained at 0.4 mL min−1.
UV-Vis detection wavelength was set at 280 nm.

Because polyphenols contain one or more hydroxyl and/or carboxylic acid groups,
MS data were acquired in negative ionization mode with capillary voltage at 4000 V, using
nitrogen as drying (T = 350 ◦C; flow rate = 9.0 L min−1) and nebulizing gas (40 psi). MS
and MS/MS spectra were acquired in the range between m/z 50 and 1200. All data were
processed using Mass Hunter Workstation software (version B.01.04; Agilent Technologies).
UV absorption, retention times (RT), elution order and mass spectra (MS and MS/MS) were
compared with those from pure standards (3-hydroxytyrosol, caffeic acid and p-coumaric
acid) and/or matched with those already reported in the literature [15–17]. Then, the
main revealed compounds were quantified by multiple reaction monitoring (MRM) as
3-hydroxytyrosol (R2 = 0.99923). Mass Hunter Optimizer software (version B.03.01; Agilent
Technologies) (Table S1).

2.3.2. H-NMR Analysis of Lyophilized Olive Mill Wastewaters

The sample LOMW (16.7 mg) was dissolved in 0.6 μL of D2O (99.9% D). 1H-NMR
spectrum was performed at 25 ◦C using a Brucker Advance 200 spectrometer of 300 MHz
equipped with 13C/1H dual probe. The NMR experiments were recorded with a spectral
width of 6983.240 Hz, an acquisition time of 10.20 s, a number of 64 scans, a relaxation time
of 2 s and a pulse width of 7 s. The spectra were processed by XWIN-NMR.

2.3.3. Polyphenols Total Content

Folin–Cicocalteu method was employed to evaluate available phenolic groups (APG) [18].
Different concentrations of an aqueous solutions of LOMW (6.0 mL) were added to 1.0 mL
of Folin–Ciocalteu reagent and after 3 min, 3.0 mL of Na2CO3 (2.0 % w/v) was also added
keeping the solution under stirring in the dark (time = 2 h) and spectrophotometrically
measuring at 760 nm. APG was expressed as milligrams of catechin (CT) per gram of
LOMW (mg CT/g LOMW), by using an equation obtained from a calibration curve of CT
at different concentrations (8.0, 16.0, 24.0, 32.0 and 40.0 μM). The method of least square

149



Foods 2022, 11, 158

was used to calculate a calibration curve. Each measure was performed in triplicate and
data expressed as means (±SD). UV-Vis absorption spectra were recorded with a Jasco
V-530 UV/Vis spectrometer (Jasco, Tokyo, Japan).

2.3.4. Phenolic Acid Content

Arnov test, with some modifications, was used to evaluate the phenolic acids content
(PAC), expressed in milligrams of CT per gram of LOMW (mg CT/g LOMW) [19]. In a volu-
metric flask (10.0 mL) 1.0 mL of an aqueous solution of LOMW, 1.0 mL of HCl (0.5 mol L−1),
1.0 mL of Arnov’s reagent (sodium molybdate and sodium nitrite 0.1 mg mL−1), 1.0 mL
of NaOH (1.0 mol L−1) and purified water were mixed. The absorbance of the solutions
was measured by a spectrophotometer at 490 nm. Each measurement was performed in
triplicate and data expressed as means (±SD).

2.3.5. Flavonoid Content

Flavonoid content (FC) in the samples was determined by a spectrophotometric
method reported in literature with some modifications [20]. In a volumetric flask (5.0 mL),
0.5 mL of LOMW and 0.150 mL of NaNO2 (5.0 % w/v) solution were mixed. After 6 min,
0.300 mL of a 6.0 % (w/v) AlCl3 was added and after 5 min, 1.0 mL of NaOH (1.0 mol L−1)
was also added to the mixture by immediately measuring the absorbance (510 nm) against
a control solution. FC in LOMW was expressed as milligrams of CT per gram of sample, by
using a calibration curve of CT (Standard solutions concentration of CT equal to 10.0, 25.0,
50.0, 75.0, 100.0 μM). Each measurement was performed in triplicate and data expressed as
means (±SD).

2.3.6. Anthocyanin Content

The anthocyanin content (AC) was determined by using the procedure reported
in literature, with some modifications [21]. 1.0 g of LOMW was suspended in 10.0 mL
of methanolic solution of HCl (1.0% v/v). The solution was incubated at 60 ◦C under
stirring for 1 h and then filtered in a volumetric flask (10.0 mL). The absorbance was
spectrophotometrically measured at 657 and 530 nm. The net absorbance was calculated
according to the following equation:

Net absorbance = Absorbance at 530 nm − 0.25 (Absorbance at 657 nm) (1)

AC was calculated on the basis of cyanidin-3-glycoside (molecular weight equal to
449.1 g mol−1 and extinction coefficient of 29,600) [22]. AC was expressed in milligrams of
anthocyanins per gram of LOMW (mg AC/g LOMW), according to the following equation:

AC (mg/g) = ((Net absorbance)/29,600) × MW × FT × (V/(Sample weight)) (2)

where MW is the molecular weight of cyanidin-3-glycoside, FT is the dilution factor, V is
the total volume (mL). Each measurement was performed in triplicate and data expressed
as means (±SD).

2.3.7. Antioxidant Properties

The antioxidant properties of LOMW were evaluated by using specific tests (inhibition
capacity towards the lipophilic (DPPH) and hydrophilic (ABTS) radicals and to measure
the total antioxidant activity (TCA)).

The scavenging activity of LOMW in an organic environment was evaluated in terms
of decrease of the radical 2,2-diphenyl-1-picrylhydrazyl (DPPH•) concentration [23]. A
total of 1.0 mL of hydro-alcoholic solutions (50:50 v/v) of LOMW were added to 4.0 mL
of hydro-alcoholic mixture (50:50 v/v) and 5.0 mL of DPPH• ethanolic solution (200 μM).
The mixture was kept at 25 ◦C for 30 min and the residual concentration of the DPPH•
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radical was spectrophotometrically evaluated at 517 nm. The percentage of inhibition of
the DPPH• radical was calculated according to the following equation:

Inhibition (%) = (A0 − A1)/A0 × 100 (3)

where A0 is the absorbance of the control solution prepared under the same conditions
but without sample, while A1 is the absorbance recorded analyzing LOMW sample. The
scavenging activity of LOMW against the lipophilic radical DPPH was expressed in terms
of IC50. Each measure was performed in triplicate and data expressed as means (±SD).

The scavenging activity in the aqueous environment of LOMW was determined in terms
of reduction of the radical 2,2′-azino-bis(3-ethylbenzothiazolin-6-sulphonic) (ABTS•) [24].
Aqueous solutions of LOMW were prepared, at different concentrations and 2.0 mL of
the aqueous solution of the ABTS radical was added to 500 μL of each. The solutions
were then kept in the dark for 6 min and the residual concentration of the ABTS radical
was spectrophotometrically evaluated at 734 nm. The percentage of inhibition of the
ABTS• was calculated according to the Equation (3), while LOMW scavenging activity was
expressed in terms of IC50. Each measure was performed in triplicate and data expressed
as means (±SD).

Total antioxidant capacity (TAC) of LOMW was evaluated by mixing 300 μL of LOMW
hydro-alcoholic solutions (50:50 v/v) with 1.2 mL of the reagent solution (28.0 mmol L−1

Na3PO4, 4.0 mmol L−1 (NH4)2MoO4, 0.6 mol L−1 H2SO4) [25]. The solutions were kept
at 95 ◦C in the dark for 150 min and then by measuring the adsorbance at 695 nm. A
calibration curve was constructed by the method of least square, using 8.0, 16.0, 24.0,
32.0 and 40.0 μM hydro-alcoholic solutions (50:50 v/v) of CT. The TAC was expressed in
milligrams of CT per gram of LOMW (mg CT/g LOMW). Each measure was performed in
triplicate and data expressed as means (±SD).

2.4. Synthesis of the Tara Gum Conjugate by Grafting Procedure

The synthesis of polymeric conjugate was carried out according to the methods re-
ported in literature, with some modifications [26]. In a 100 mL glass flask, 0.250 g of tara
gum was dissolved in 37.5 mL of purified water, then 12.5 mL of H2O2 (120 vol) and 0.3 g
of ascorbic acid were added at 25 ◦C. After 2 h, LOMW (equivalent to 0.035 g of CT) was
dissolved into the reaction flask. After 24 h, the mixture was introduced into dialysis tubes
(MWCO: 12,000–14,000 Dalton) and dipped into a glass vessel containing distilled water
for 48 h. The conjugate (PLOMW) was checked to be free of unreacted antioxidant and any
other compounds by LC analysis after purification step. LC analysis was performed on a
Knauer (Asi Advanced Scientific Instruments, Berlin, Germany) system equipped with two
pumps Smartiline Pump 1000, a Rheodyne injection valve (20 μL) and a photodiode array
detector equipped with a semi-microcell. The resulting solution was frozen and dried with
“freezing-drying apparatus” to provide a vaporous solid. A control polymer, blank tara
gum (BTG), was also prepared under the same conditions but without LOMW.

2.5. Characterization of Tara Gum Conjugate
2.5.1. H-NMR Analysis of Tara Gum Conjugate

The samples of PLOMW and BTG (5.8 mg) were dissolved in 0.6 μL of D2O (99.9% D).
1H-NMR spectra were performed at 25 ◦C using a Brucker Advance 200 spectrometer of
300 MHz equipped with a 13C/1H dual probe. The NMR experiments were recorded with
a spectral width of 6983.240 Hz, an acquisition time of 10.20 s, a number of 64 scans, a
relaxation time of 2 s and, a pulse width of 7 s. The spectra were processed by XWIN-NMR.

2.5.2. Differential Scansion Calorimetry (DSC)

The DSC studies were performed using a SETARAM 131 instrument. The amount
of each sample was around 3–10 mg. Analyses were performed from 25 to 650 ◦C at a
temperature scan rate of 10 ◦C min−1, under nitrogen flux.

The method used is set out in more detail below:
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1. Isotherm at 25 ◦C for 20 min;
2. Heating from 25 to 650 ◦C at 10 ◦C min−1.

2.5.3. Antioxidant Properties of the Tara Gum Conjugate

PLOMW conjugate was characterized in terms of available phenolic groups, phenolic
acids and flavonoids content by the methodologies previously described, expressing the
results as mg of CT per gram of PLOMW. Similarly, antioxidant performances were recorded
by evaluation of TAC (expressed as mg of CT per gram of PLOMW) and scavenging activity
if both aqueous (against ABTS radical) and organic (against DPPH radical) environments.

2.5.4. Toxicity of the Tara Gum Conjugate
Cell Culture

Balb/c 3T3 clone A31 and Caco-2 were purchased from ATCC, Manassas, VA, USA.
Balb/c 3T3 clone A31 cells were maintained in DMEM with 10% Calf Bovine Serum (CBS;
ATCC, Manassas, VA, USA) and 1% penicillin-streptomycin (10,000 unit/mL) at 37 ◦C
in a 5% CO2 atmosphere. Caco-2 cells were cultured in DMEM with FBS 10% (w/w),
non-essential amino acids (1% w/w), L-glutamine (1% w/w) and penicillin–streptomycin
(1% w/w). The cells were grown in a humidified atmosphere (5% CO2) at 37 ◦C until 80%
confluence and sub-cultured twice a week [27].

Neutral Red Uptake (NRU)

The in vitro 3T3 NRU test was performed as described by the ISO 10993-5:2009 “Biolog-
ical evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity”. Briefly, 2.5 × 104

3T3 cells/well were incubated in 96-well plates and cultured for 24 h at 37 ◦C and 5% CO2
in humidified hair with increases doses of BTG and PLOMW (0.39, 0.78, 1.56, 3.12, 6.25, 12.5
and 25 mg mL−1) overnight in DMEM. Cell viability was measured by neutral red uptake
(NRU) assay [28]. The NRU assay provided an incubation (3-h) with neutral red (50 μg/mL
in DMEM) followed by an extraction with acetic acid, ethanol and water (1:50:49 v/v/v).
The absorbance was measured at 540 nm in a microplate reader Epoch (BioTek, Winooski,
VT, USA). A percentage of viability was calculated as follows:

%Viability =
(Absorbance540nmtest material) − Absorbance540nmblank)

(Absorbance540nmcontrol) − Absorbance540nmblank)
(4)

Cell Viability Assay

MTT staining assay was used to evaluate cell viability as described by Mosmann [29].
Briefly, 1 × 104 Caco-2 cells/well were incubated in 96-well plates and cultured for 24 h at
37 ◦C and 5% CO2 in humidified hair with increases doses of BTG and PLOMW (3.12, 6.25,
12.5 and 25 mg mL−1); then, fresh MTT was added to each well and after 2 h of incubation
1 mL of DMSO was used to solubilize the formazan products. The optical density (OD)
was measured at 570 nm in a microplate reader Epoch (BioTek). A percentage of viability
was calculated as follows:

%Viability =
(OD570nmtest material) − OD570nmblank)

(OD570nmcontrol) − OD570nmblank)
(5)

Con A/o-Pd Assay

Caco-2 cells were trypsinized, washed in saline solution and divided into three groups:
(1) Control (2.5 × 105 cells in 5 mL of saline solution); (2) BGT (2.5 × 105 cells in 5 mL
of BGT 12.5 mg mL−1); (3) PLOMW (2.5 × 105 cells in 5 mL of PLMW 12.5 mg mL−1).
Each group was incubated at 30 ◦C for 15 min, under gentle shaking. Then, the cells were
washed twice with 5 mL Phosphate Buffered Saline (PBS) and centrifugated (2000 rpm)
for 5 min. Subsequently, the cells were transferred to a clean tube and given a final wash.
After an additional centrifugation (2000 rpm) for 5 min, the supernatant was removed.
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The pellet was stirred with a vortex mixer and washed twice with 12 mL of PBS and
centrifugated (2000 rpm) for 5 min. Furthermore, the cells were transferred to a clean tube
and washed prior to the addition of the next reagent (5 mL of PBS containing 1.0 mM
calcium chloride and 10 mg L−1 biotinylated concanavalin A from Canavalia ensiformis
(Con-A)). The mixture was incubated at 30 ◦C for 30 min under gentle shaking, centrifuged
(2000 rpm) for 5 min. The cells were washed twice with PBS and transferred to a clean tube.
5 mL of PBS containing 5 mg/L streptavidin peroxidase was added and each tube was
incubated at 30 ◦C for 60 min. Finally, the cells were washed and transferred to a clean
tube and resuspended with 1 mL of o-phenylenediamine dihydrochloride (o-pd) solution
(containing 0.4 mg o-pd and 0.4 μL 30% H2O2 in 1.0 mL 0.05 M citrate phosphate buffer).
The oxidation of o-pd was stopped after 2 min with 1.0 mL of 1.0 M H2SO4 and the optical
density measured at 490 nm (spectrophotometer Epoch, BioTek) [30].

2.6. Preparation of Puddings

Puddings were prepared using starch and PLOMW as gelling agent. Pears were
purchased in a local supermarket and after washing, they were peeled. In order to prepare
the puree, 50 mL of water was added to the fruit pulp (650 g) divided into smaller pieces.
The pulp was then heated and stirred at low speed for 15 min, setting the temperature
at 100 ◦C. Subsequently, after inactivation of the fruit enzymes, the heating was stopped
and the pulp was ground for 1 min at high speed. The formulation of the pudding was
determined after evaluating the consistency, according to the different quantity of gelling
agent. Specifically, the pudding (PPLOMW) was prepared by mixing 100 mL of milk, 10 g
of starch, 50 g of pear puree and 0.5 g of PLOMW. The starch was solubilized at room
temperature in 75.0 mL of milk. The pear puree solubilized in the remaining volume
of milk was then added under stirring at 80 ◦C for 5 min. The tare gum was gradually
added without interrupting stirring and heating, to favor its hydration. The pudding was
packaged in 60 g glass jars, immediately sealed with a metal lid. The pudding samples
were stored at 4 ◦C in the refrigerator until the analysis carried out when the containers
were opened (day 0), after seven, fourteen and twenty-eight days from the preparation.
A control pudding (BCTG) was also prepared as control under the same conditions as
described above, but using commercial tara gum (CTG) instead of PLOMW.

2.7. Characterization of Pudding
2.7.1. Rheological Characterization

The rheometric measurements of the food matrices PPLOMW and PBTG were carried
out using a strain-controlled RFS III rheometer (Rheometric Scientific Inc. at Piscataway,
NJ, USA), equipped with plate-plate geometry: Gap 2 mm, Φ 25 mm. The temperature
was controlled by means of a Peltier system (uncertainty of 0.1 ◦C). The samples were
preliminarily subjected to strain sweep tests at a frequency of 1.0 Hz to determine the region
of linear viscoelasticity (region in which the G′ and G′′ vs strain modules are constant). The
trend of the G′ and G′′ vs. frequency (frequency sweep tests) in the linear viscoelasticity
region was determined in the frequency range of 0.1–16.0 Hz.

2.7.2. Antioxidant Performances of the Puddings

Pudding samples were analyzed, in terms of antioxidant properties, on the day they
were prepared and after 7, 14 and 28 days, respectively [31]. Briefly, 10.0 g of pudding
(PPLOMW or BCTG) were suspended in 20.0 mL of water by maceration for 24 h. The
aqueous solution was then centrifuged at 8000 rpm for 10 min. Each extract was obtained
by recovering the supernatant and was characterized in terms of APG, PAC and FC by
the methodologies previously described, expressing the results as mg of CT per gram of
pudding. Similarly, antioxidant performances were recorded by evaluation of TAC (ex-
pressed as mg of CT per gram of pudding) and scavenging activity of both aqueous (against
ABTS radical) and organic (against DPPH radical) environments. Each measurement was
performed in triplicate and data expressed as means (±SD).
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2.8. Statistical Analysis

The inhibitory concentration 50 (IC50) was calculated by non-linear regression with the
use of Prism Graph- Pad Prism, version 4.0 for Windows (GraphPad Software). One-way
analysis of variance test (ANOVA) followed by a multicomparison Dunnett’s test were
applied. All toxicity essays were performed in triplicate. Statistical analyses were made
with Graph Pad. The data were evaluated by one-way analysis of variance followed by the
Mann–Whitney U test. A value of p < 0.005 was considered significant.

3. Result and Discussion

3.1. Oil Mill Wastewater Treatment

Oil mill wastewater (OMW) displays a variable composition that is influenced by
different issues including agronomic parameters, such as cultivar and maturation of the
olive fruit, region of origin and climatic conditions [32]. In particular, OMW is an acidic and
dark suspension mainly composed by water (83–94% w/w) and also containing inorganic
(0.4–2.5% w/w) and organic substances (4–18 % w/w), including mucilage, lignin, tannins
and pectins, as well as cation species such as magnesium, sodium, calcium and potassium.
In addition, OMW contains phenolic compounds, the most popular high added-value
ingredients, varying from 0.5 to 24 g/OMW), that represent about 98% (w/w) of the
phenols typically present in olive fruit [33]. A high concentration of polyphenols generally
involves a condensation step by ultrafiltration, thermal concentration or freeze-drying
processes [34]. In this regard, OMWs from Roggianella cv were subjected to a freeze-drying
process after preliminary filtration and centrifugation providing a vaporous solid (LOMW)
that was deeply characterized by chromatographic and spectroscopic techniques, as well as
in terms of antioxidant performance.

3.2. HPLC-MS/MS and 1H-NMR Analyses of Lyophilized Oil Mill Wastewater

Separation of the main polyphenols in LOMW was carried out by HPLC-MS/MS
analysis and their identification was based on mass measurements of deprotonated [M–H]−
ions and MS/MS fragmentation patterns (Table 1). The compound at RT = 1.475 min
(at concentration of 0.71 μg mL−1) was assigned to a verbascoside residue lacking the
rhamnose moiety due to its [M–H]− at m/z 477 together with the fragments at m/z 459
(water loss) and 161 (ascribable to the dehydrated ion of the caffeic acid unit), as already
hypothesized in literature [31]. The compound at RT = 1.515 with a concentration of 0.19 μg
mL−1, exhibiting [M–H]− at m/z 169 and a fragment at m/z 151 probably produced by the
loss [M–H–H2O]−, was tentatively identified as 3,4-dihydroxyphenylglycol [15].

Six phenolic acids and derivatives were also revealed, namely quinic acid (4.1 μg mL−1),
HyEDA (0.27 μg mL−1) and decarboxymethyl-elenolic acid derivative (1.55 μg mL−1), hy-
droxylated product of dialdhydic form of decarboxymethyl elenolic acid (3.3 μg mL−1),
caffeic acid (1.9 μg mL−1) and p-coumaric acid (2.1 μg mL−1) on the basis of their [M–H]−
ions as well as the presence of [M–H2O]− and [M–CO–2H2O]− in their fragmentation
patterns [15,17]. The compounds at RT = 2.245 min and 2.470 min (having concentrations of
4.3 and 2.9 μg mL−1, respectively) were two 3-hydroxytyrosol glucoside isomers because
they showed the same [M–H]− at m/z 315 and similar MS/MS spectra characterized by
two main fragment ions at m/z 153, which were formed through the loss of a glucose
moiety and at m/z 123 corresponding to the subsequent loss of the CH2OH group. How-
ever, since different hydroxytyrosol glucoside isomers (i.e., hydroxytyrosol-1-O-glucoside,
hydroxytyrosol-3′-O-glucoside and hydroxytyrosol-4′-O-glucoside) have been identified
in Olea europaea [32], they were not furtherly distinguishable by MS analysis. Finally,
oleuropein aglycone derivative (5.8 μg mL−1) and 3-hydroxytyrosol (0.09 μg mL−1) were
recognized by matching chromatographic and MS characteristics to those of previous
literature reports in the former case [15] and of a pure standard in the latter one.

As reported in Figure 1, the 1H-NMR of LOMW revealed the main features typi-
cal of minor components in olive oil reported in Table 2, responsible for its interesting
biological activities.
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Table 1. Identified polyphenol compound in LOMW (in μg mL−1). Data represent mean ± RSD
(n = 3).

Compound RT (min)
LOMW

(μg mL−1)

Verbascoside residue 1.475 0.71 ± 0.06
3,4-dihydroxyphenylglycol 1.515 0.185 ± 0.017
Quinic acid 1.773 4.1±0.4
3-hydroxytyrosol glucoside isomers 1 2.245 4.3 ± 0.4
3-hydroxytyrosol glucoside isomers 2 2.470 2.9 ± 0.3
Dimer 407 2.610 1.56 ± 0.14
3-hydroxytyrosol 2.957 0.092 ± 0.008
Decarboxymethyl-elenolic acid derivative 3.542 1.55 ± 0.14
Hydroxylated product of dialdhydic
form of decarboxymethyl elenolic acid 4.428 3.3 ± 0.3

Caffeic acid 7.996 1.91 ± 0.17
Decarboxymethyl-elenolic acid (HyEDA) 8.075 0.27 ± 0.02
Oleuropein aglycone derivative 8.124 5.8 ± 0.5
p-coumaric acid 10.798 2.13 ± 0.19

RT = retention time; LOMW = Lyophilized olive mill wastewater.

 
Figure 1. 1H-NMR of 16.7 mg of LOMW sample in 0.6 μL of D2O.
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Table 2. Characterization of LOMW by 1H-NMR spectroscopy.

Compound Assignment Chemical Shift (ppm)

Verbascoside OH-18; OH-17 s 9.21; 4.61
Verbascoside O-CH-O d 5.23

Sugar residue of glycosides CH-OH m 4.17–3.12
Hydroxythyrosol Ph-CH2- 2.73
Hydroxythyrosol CH2-O 3.76

Oleuropein CH3 s 3.86
Oleuropein Enantiotopic CH2-OH m 3.42
Caffeic acid CH2=CH2 dd 6.05–7.15
Quinic acid Enantiotopic CH2-CH 2.27–1.86

The corrected assignment was obtained comparing the NMR spectra with those
available in literature and using the Human Metabolome Database (HMDB).

Many signals belonging to sugar residues derived from glycosides and the OH group
of Verbascoside, together with Ph-CH2 and CH2-O of Hydroxythyrosol and the CH3 and
the enantiotopic CH2-OH of Oleuropein are detected. Furthermore, at 0.89, 1.3, 1.64, 2.02,
2.35 ppm, the signals of oleic acid are visible.

3.3. Antioxidant Properties of Lyophilized Oil Mill Wastewater

LOMW was characterized by evaluation of APG, FC, PAC and AC in order to provide a
straight measure of the antioxidant potential of this by-product and the results are reported
in Table 3.

Table 3. Antioxidant characterization of LOMW. Data represent mean ± RSD (n = 3).

Sample
APG

(mg CT/g)
PAC

(mg CT/g)
FC

(mg CT/g)
AC

(mg CT/g)
TAC

(mg CT/g)

IC50 (mg mL−1)

DPPH Radical ABTS Radical

LOMW 75.0 ± 0.7 50.8 ± 0.4 34.0 ± 0.4 0.15 ± 0.01 1.10 ± 0.05 0.095 ± 0.003 0.019 ± 0.001

LOMW = Lyophilized olive mill wastewater; APG = Available phenolic groups; PAC = Phenolic acids content;
FC = Flavonoid content; AC = Anthocyanin content; TAC = Total antioxidant activity; DPPH = 2,2-diphenyl-1-
picrylhydrazyl radical; ABTS = 2,2′-azino-bis(3-ethylbenzothiazolin-6-sulphonic radical; CT = catechin.

By-products from the olive oil extraction process are found to be particularly rich in
phenolic compounds [35,36]. The available phenolic groups of LOMW was 75.0 mg CT per
gram. This value appears in the same magnitude of other studies reported in literature,
showing high concentration of phenolic compounds present in the OMWs [37,38]. Typically,
during the extraction process, the highest (98%) amount of polyphenols in olive fruit can be
found in the OMWs (0.5–24 g L−1 of OMW), while only 2% of them is in the oil phase [30].
A correlation of this parameter with literature data appears quite difficult because total
polyphenol concentration is strictly related to many factors, such as type and region of
origin, maturity of olives, method of extraction, climatic conditions and cultivation and
processing techniques [39].

The analysis of FC in LOMW was carried out by using AlCl3 reagent and the results
were expressed as milligrams of CT per gram of sample (Table 2). In plants, the number of
glycoside fractions of these compounds can vary from one to three. In particular, flavonoids
are found glycosylated with carbohydrates such as glucose or rhamnose, but they can also
be found linked to glucose units such as galactose, arabinose or other sugars [40]. The
results showed that phenolic compounds with a flavonoid structure in LOMW are equal to
34.0 mg CT per gram, corresponding to 45.3% of the APG.

The evaluation of PAC in LOMW was carried out using the Arnov’s method by
expressing the results as milligrams of CT per gram of LOMW. Such compounds are hardly
found in the free form, due to their ability to link quinic and tartaric acids forming esters
and/or glycosylated derivatives [41]. LOMW sample provided high amounts of PAC
(50.8 mg CT per gram), showing values that were equal to 67.7% of the total polyphenols.
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As can be seen from the data obtained by LC-MS analysis, the phenolic acid content was
mainly related to the amounts of quinic, coumaric and caffeic acids.

Finally, a colorimetric assay was employed to quantified anthocyanin compounds,
a class natural pigments responsible for the coloring of most fruits and vegetables [42].
Recorded results displayed that AC in LOMW was equal to 0.15 mg CT g−1, almost two
orders of magnitude lower than FC and PAC.

Antioxidant properties of the food matrix were deeply investigated by specific tests,
including total antioxidant capacity and scavenging activity of the LOMW against DPPH
and ABTS radicals. TAC of LOMW was determined using (NH4)2MoO4 reagent and by
expressing the results as mg CT per gram of matrix. According to Prieto et al. (1999) [43],
this reagent can be systematically applied for the evaluation, both in aqueous and organic
environments, of the antioxidant activity of matrices with a complex composition.

The recorded results (Table 3) depicted as a high APG value was not always related to
a significant antioxidant capacity according to literature data [44], highlighting as the class
of phenolics deeply influenced the total antioxidant capacity of the food matrix.

In order to determine scavenger activity both in aqueous and in organic environments,
LOMW was tested against DPPH and ABTS radicals. The ability of LOMW to inhibit
these reactive species, was expressed in terms of IC50 (mg mL−1), as reported in Table 3.
In particular, the ability to inhibit the ABTS radical is a highly used parameter for the
determination of antioxidant activity in food and biological samples [45]. Based on the
inhibition kinetics of the ABTS radical, recorded LOMW IC50 value was 0.019 mg mL−1,
almost five times less compared to the activity against DPPH, suggesting that LOMW is a
matrix rich in highly hydrophilic moieties.

3.4. Synthesis of the Tara Gum Conjugate

An innovative strategy to synthesize versatile materials with antioxidant features
involved the covalent linkage of the biomolecules of LOMW on the tara gum (TG) chain.
Literature data largely proposed TG as starting materials in the synthesis of innovative
polymeric carries of nutraceuticals able to be employed in the food industry [13,14,46],
but to the best of our knowledge covalent grafting of bioactive molecules on TG chain
was not investigated. This approach allowed the preparation of a high molecular weight
antioxidant compounds showing improved chemical stability, as well as lower degradation
rate compared to the low molecular weight antioxidants [47]. Conjugate polymers with
antioxidant features were synthesized by employing an eco-compatible, radical initiated
grafting procedure. Antioxidant conjugate was synthesized by anchoring the LOMW
reactive species to TG chains, using a water soluble in a radical reaction initiated by a
biocompatible redox pair (H2O2/ascorbic acid). This redox couple showed numerous ad-
vantages, such as the opportunity of inducing polymerization reaction at room temperature
drastically reducing the risks of degradation of phenolic compounds and avoiding the
generation of any type of toxic products [48]. A specific LOMW/TG ratio (w/w) was used
in the polymerization mixture. In particular, a quantity of LOMW equivalent to 35 mg
of catechin (calculated by APG value) for each gram of commercial TG was found to be
optimal. After 24 h, to remove the unreacted molecules, the conjugate was subjected to a
purification process by dialysis and the resulting solution was lyophilized which led to
obtaining a vaporous solid (PLOMW) whose antioxidant properties were investigated. To
verify the antioxidant performance of the conjugate, a control polymer (labelled BTG), was
prepared in the same conditions, but in the absence of LOMW.

3.5. 1H-NMR Analysis of the Polymers

The 1H-NMR spectra of BTG (Figure 2A) and PLOMW (Figure 2B) showed the main
residues of galactomannan [49], scaffold of TG and some fragments of LOMW (close to
1.12–1.40 ppm and 8.32 ppm) that confirm the conjugation.
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(A) (B) 

  
Figure 2. Panel (A): 1H-NMR spectrum of BTG; Panel (B): 1HNMR spectrum of PLOMW. In the panel
(B), the signal at 5.029 ppm belongs to H1 of α-D-galactopyranose which in the panel (A) collapsed
into the D2O signal.

3.6. Calorimetric Analysis of the Polymers

The Differential Scanning Calorimetry analysis of PLOMW, BTG and the commercial
tara gum (CTG) was performed subjecting the samples to an isotherm at 25 ◦C for 20 min
and heat ramp from 25 to 650 ◦C at a temperature scanning speed of 10 ◦C min−1 under
nitrogen flow. The results obtained (Figure 3) allow to highlight the presence of two
significant peaks in all the samples: an exothermic peak (100–150 ◦C) and an endothermic
peak (around 300 ◦C).

Figure 3. Differential scanning calorimetry (DSC) of PLOMW, BTG and CTG.

Specifically, the graph shows that the two polymer samples show the same peaks as
TG sample, but the values are slightly shifted with respect to the reference (CTG) and this
phenomenon is most likely due to the different molecular structure.

The enthalpy was then calculated for each peak and the results were reported in
Table 4.
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Table 4. Enthalpy and temperature values of the polymers and commercial tare rubber peaks.

Sample
T Center Peak 1

(◦C)
T Center Peak 2

(◦C)
Enthalpy Peak 1

(J g−1)
Enthalpy Peak 2

(J g−1)

PLOMW 141.0 311.8 125.4 −154.3
BTG 137.7 291.4 76.0 −11.6
CTG 100.4 302.6 261.4 −83.4

PLOMW = Polymer conjugate lyophilized olive mill wastewater and tara gum; BTG = Blank tara gum;
CTG = commercial tara gum.

Measuring the enthalpy of fusion allows to calculate the degree of crystallinity of a
substance. Therefore, a higher enthalpy corresponds to a greater interaction between the
molecules. The results show that as regards the enthalpy values measured on the peak (1),
these are significantly lower for the PLOMW and BTG polymers. This behavior denotes a
lower level of interaction between the polymer molecules than the commercial tare rubber
sample. On the other hand, the values recorded for the peak (2) show how the blank
polymer has a higher enthalpy value (−11.6 J g−1) and, therefore, has a greater degree
of interaction between its molecules than CTG and PLOMW polymer. In particular, the
latter, having the lowest enthalpy value (−154.3 J g−1), is the one with the least interaction
between its molecules.

3.7. Toxicity Evaluation of the Conjugate
3.7.1. NRU Assay

The effect of BGT and PLOMW on 3T3 fibroblasts was measured by in vitro acute
toxicity assay through the neutral red uptake (NRU, Figure 4). The treatment with increased
concentrations of BGT and PLOMW non-altered cell viability compared to the control, in
both treatments.

BTG PLOMW 

Figure 4. 3T3 cells viability (%) measured through NRU cytotoxicity assay upon treatment with
increased concentrations of BGT and PLOMW (mg/mL). Each column represents the mean + SD of
3 wells/group.

3.7.2. Cell Viability by MTT Assay

To evaluate the cytotoxic and adverse cellular effects of BGT and PLOMW, was used
the MTT assay. This test assesses the activity of mitochondrial enzymes in healthy cells
by measuring the absorbance of purple formazan, formed through an NADP-dependent
reaction catalyzed by succinate dehydrogenase in metabolically active cells [50].
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As shown in Figure 5, the treatments with increased concentrations of BTG and
PLOMW for 24 h, not altered Caco-2 cells viability.

BGT PLOMW 

Figure 5. Effect of BTG and PLOMW on Caco-2 cells viability.

3.7.3. Bio-Adhesive Ability Assay

In this study, to evaluate the bio-adhesive ability of active substances was used a
technique described by Rizza [30]. Our results showed a similar muco-adhesivity of BTG
and PLOMW (Figure 6) at 12.5 mg mL−1 concentration. This concentration represents the
final dose of dietary use.

Figure 6. Muco-adhesion of BTG and PLOMW determined as reduction (%) of lectin binding on
Caco-2 cells at different concentrations; *** p < 0.001 vs. control.

3.8. Antioxidant Performances

Antioxidant properties of PLOMW were explored by confirming that the grafting
reaction has taken place and also to verify whether the reaction conditions were harmful
to the active compounds in LOMW. Total phenolic groups, available phenolic acids and
antioxidant activity of the conjugate have been reported in Table 5.
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Table 5. Total polyphenols, phenolic acid contents and antioxidant activity of the conjugate polymer.
Data represent mean ± RSD (n = 3).

Sample
APG

(mg CT/g)
PAC

(mg CT/g)
TAC

(mg CT/g)

IC50 (mg mL−1)

DPPH Radical ABTS Radical

PLOMW 16.3 ± 0.5 15.7 ± 0.4 2.26 ± 0.11 0.322 ± 0.005 0.106 ± 0.005

BTG - - - - -
PLOMW = Tara gum grafted with lyophilized olive mill wastewater; APG = Available phenolic groups;
PAC = Phenolic acids content; TAC = Total antioxidant activity; DPPH = 2,2-diphenyl-1-picrylhydrazyl radi-
cal; ABTS = 2,2′-azino-bis(3-ethylbenzothiazolin-6-sulphonic radical; CT = catechin.

Data confirmed that the grafting reaction avoids the loss of the antioxidant activity of
LOMW, while BTG did not demonstrate any interference. Specifically, the analyses of the
inhibition kinetics against radical species underlined the good performance of PLOMW,
both in organic and aqueous environments. However, the response towards the radical
ABTS appears almost three times higher, as confirmed by the IC50 values. The collected data
clearly indicates as PLOMW is able to guarantee good results and that when introduced
into a food, it can impart significant biological properties from a nutritional point of view,
producing beneficial effects on the health of consumers.

3.9. Pudding Preparation and Evaluation of the Antioxidant Properties

Gelling properties of the conjugate suggest the employment of this macromolecular
system for the preparation of suitable functional foods with high added value. In partic-
ular, the PLOMW was used for the production of a fruit-based pudding. The fruit gives
numerous benefits to the human body often related to the presence of phenolic compounds.
Different studies have correlated the high intake of fruit with the lower incidence of car-
diovascular, neurodegenerative and chronic diseases, such as cancer and diabetes [51]. To
highlight the effect and benefits derived from using PLOMW in the pudding’s preparation,
the pear, not particularly rich in antioxidant molecules, was chosen as raw material [52].
Although it can contain in the range 27–41 mg of phenols per 100 g of pulp, the antioxidant
profile of pear remains distant from other fruits such as blackberry, raspberry, blueberry,
strawberry, cherry and grape [53]. At the same time, this fruit is very digestible and tasty,
especially in the preparation of fruit juices for children or hospitalized patients. In this con-
text, puddings based on pear puree were prepared using PLOMW and CTG as gelling agent
and their antioxidant capacity was investigated as a function of time. For this purpose,
each pudding jar was opened at set time intervals and subjected to an extraction process
according to a procedure reported in literature, with some modifications [31]. Antioxidant
properties of PPLOMW were analyzed at the opening day (t = 0), after 7, 14 and 28 days.
The data of total phenolic groups, phenolic acids and the scavenging properties in aqueous
environment are reported in Table 6.

Available phenolic groups (t = 0 days), expressed as mg of CT per gram of pudding,
confirm that the addition of the antioxidant polymer PLOMW as gelling agent, significantly
increases (almost two times) APG value of PCTG. Similarly, PPOMW at time zero displayed
an increased amount of available phenolic acids and more performing scavenging capacity
against the hydrophilic radical ABTS. The analysis of the trend of these parameters over
28 days, in terms of APG, highlighted the slight decrease observed for PPOMW (equal to
11% after 28 days). On the contrary, APG decrease equal to 30% after 28 days was recorded
with the pudding prepared using CTG. This finding was mainly interesting because it
highlights that the employment of the conjugate increased phenolic groups in the functional
food and maintained their concentration over time. The same trend was recorded in the
content of available phenolic acids, with a decrease after 28 days of 76% for PPLOMW
matrix, which increased to 82% in PCTG.

Finally, by recording the inhibition profiles towards the ABTS of the puddings over
time, it was observed that the enriched pudding proved to be more effective against this
radical specie, compared to the control (Figure 7). IC50 values recorded for the PPLOMW
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underwent a slight decrease over time (0.0124 mg mL−1, after 28 days). On the contrary,
the IC50 values recorded for the pudding based on CTG, underwent a greater decrease
(Figure 7).

Table 6. Total polyphenols, phenolic acid contents and antioxidant activity of puddings based on
PLOMW and CTG. Data represent mean ± RSD (n = 3).

Time
(Days)

Pudding
APG

(mg CT/g Pudding)
PAC

(mg CT/g Budino)

IC50 (mg mL−1)

ABTS Radical

0
PPLOMW 0.220 ± 0.009 a 0.261 ± 0.011 a 0.0060 ± 0.0003 a

PCTG 0.113 ± 0.005 b 0.244 ± 0.009 b 0.0324 ± 0.0011 b

7
PPLOMW 0.193 ± 0.007 c 0.136 ± 0.005 c 0.0082 ± 0.0003 c

PCTG 0.101 ± 0.004 d 0.070 ± 0.002 d 0.0345 ± 0.0015 b

14
PPLOMW 0.194 ± 0.006 c 0.075 ± 0.002 e 0.0118 ± 0.0005 d

PCTG 0.089 ± 0.003 d 0.056 ± 0.002 f 0.0397 ± 0.0018 e

28
PPLOMW 0.196 ± 0.006 c 0.062 ± 0.002 g 0.0124 ± 0.0006 d

PCTG 0.080 ± 0.002 e 0.042 ± 0.001 h 0.0453 ± 0.0021 f

PPLOMW = Pudding based on tara gum grafted with lyophilized olive mill wastewater; PCTG = Pudding based
on commercial tara gum; APG = Available phenolic groups; PAC = Phenolic acids content; ABTS = 2,2′-azino-
bis(3-ethylbenzothiazolin-6-sulphonic radical; CT = catechin. Different letters express significant differences
(p < 0.05).

Figure 7. IC50 trend as function of the time of PPLOMW and PCTG.

Ultimately, the polymeric conjugate, synthesized using TG and compounds with a
polyphenolic structure obtained from waste products of the oil extraction process, inserted
in a food matrix such as pudding with pear, has guaranteed it a greater antioxidant capacity
and the possibility of keeping it almost unchanged over time.

3.10. Rheological Analysis of Puddings

Rheology is the science that studies the deformation and flow of matter in liquid
or solid form, i.e., the response of materials to mechanical stress in terms of viscosity
and elasticity [54]. The rheometric measurements of the food matrices PPLOMW and
PCTG were carried out by recording the frequency sweeps of the G′ and G′′ modules as
a function of the frequency in the linear viscoelasticity region. The trend of G′ and G′′ vs.
the frequency is also called the mechanical spectrum and allows a quantitative rheological
characterization of the materials.
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Such a linear viscoelastic behavior has been previously observed in gel systems. All
mixtures show a typical gel-like response in which G′ is higher than G′′. Higher values
of G′ may reflect the stronger interactions existing among the domains which favor the
formation of highly elastic lattices. In order to obtain quantitative information, the weak gel
model was applied, which models the system as consisting of connected rheological units.
This allowed to determine the values of “A” and “z”, where “A” represents the interaction
force between the rheological units and “z” the coordination number, that is, the number of
rheological units interacting with a reference unit. The “A” and “z” values of the PPLOMW
and PCGT food matrices determined by frequency sweep test are shown in Table 7.

Table 7. Frequency sweep test for PPLOMW food matrices and PCGT over time.

Sample A ± 100 z ± 1

5 ◦C PCGT (t = 28 days) 8800 18
5 ◦C PCGT (t = 14 days) 8200 12
5 ◦C PCGT (t = 7 days) 5600 11
5 ◦C PCGT (t = 0 days) 2800 11
25 ◦C PCGT (t = 28 days) 7200 45
25 ◦C PCGT (t = 14 days) 7300 12
25 ◦C PCGT (t = 7 days) 4800 11
25 ◦C PCGT (t = 0 days) 2000 11
5 ◦C PPLOMW (t = 28 days) 9600 18
5 ◦C PPLOMW (t = 14 days) 8900 10
5 ◦C PPLOMW (t = 7 days) 5100 11
5 ◦C PPLOMW (t = 0 days) 3400 14
25 ◦C PPLOMW (t = 28 days) 8200 32
25 ◦C PPLOMW (t = 14 days) 7200 12
25 ◦C PPLOMW (t = 7 days) 4400 12
25 ◦C PPLOMW (t = 0 days) 1100 7

PPLOMW = Pudding by polymer conjugate; PCTG = pudding by commercial tara gum.

As can be seen from the data reported in Table 7, the values of “A” recorded for PCTG,
both at 5 and 25 ◦C increase as functions of time, while the values of “z” are very similar
in the first fourteen days and then significantly increased after twenty-eight days. This
indicates that initially, the network formed increases the strength between the links and
then expands three-dimensionally over time.

Finally, for each sample, temperature ramp tests or time cures were carried out to
analyze the behavior of the system as a function of temperature and the results are shown
in Figure 8A,B.

(A) (B) 

  
Figure 8. Time Cure test for the PCGT (A) and PPLOMW (B) food matrix over time (weeks).
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In this type of test, G′ and G′′ are recorded as a function of temperature at a frequency
of 1 Hz within the linear viscoelastic region. The temperature range investigated was
5–40 ◦C, with a scanning speed of 1 ◦C min−1. Figure 8 shows the G′ comparison (elastic
modulus) of the pudding samples prepared with the two polymers investigated (PPLOMW
and PCGT) over time. The recorded data indicate that at “time zero” the samples have
very different values of elastic modulus (G′). In fact, the G′ values recorded for the PCGT
sample are lower than those observed for PPLOMW. However, with the passage of time,
the difference between the modules tends to decrease and overlap when both samples
reach two weeks of maturation. It is important to note that as the maturation time increases
(beyond two weeks), the elastic values of the PPLOMW sample are greater. In fact, the
pudding prepared with PPLOMW at “time 4 weeks” shows the highest elastic modulus.
This rheological behavior can be attributed to a greater structuring effect induced by the
conjugated polymer. Preliminary data suggest that water may play a central role in the
structuring through hydrogen bonds, a hypothesis that must necessarily be proved by
means of spectroscopic techniques.

4. Conclusions

Olive mill wastewaters (OMW) were explored as inexpensive, precious and valuable
sources of bioactive molecules to be employed in the production of antioxidant-enriched
milk-based products. In this regard, lyophilized OMW (LOMW) were involved in a radical
grafting reaction to synthesize a tara gum conjugate, suitable as a thickening agent in the
preparation of pear puree-based pudding. Chemical composition of LOMW was evaluated
by 1H-NMR and HPLC-MS/MS analyses and oleuropein aglycone derivative (5.8 μg mL−1)
was detected as the main compound. Additionally, this olive process by-product was
characterized by evaluation of the total phenolic content, flavonoids, phenolic acids and
anthocyanins amount, providing a straight measure of its antioxidant features. LOMW
was able to inhibit ABTS radical, displaying in the aqueous medium, scavenger properties
almost one order of magnitude increased compared to the organic one. LOMW reactive
species and tara gum chains were involved in an eco-friendly grafting reaction to synthesize
a polymeric conjugate that was characterized by spectroscopic, calorimetric and toxicity
studies. Antioxidant properties of the polymeric conjugate were also evaluated, suggesting
its employing as a thickening agent in the preparation of pear puree-based pudding. Milk-
based foodstuff showed high performance of consistency and relevant antioxidant features
over time (28 days) in comparison with its non-functional counterparts confirming LOWM
as an attractive source for the development of functional foods.
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HPLC-MS/MS analyses.
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Abstract: Over the years, the territorial origins of agri-food products have become a consolidated
marketing model which stand as an alternative to mass production. References to territory, whether
on packaging or in advertising, have become an increasingly popular way for marketers to differenti-
ate products, by attributing specific characteristics to them, derived from specific cultural identities
and traditions. The aim of this study is to capture the possible differences between two groups,
Italian and French, in the perception and intention to buy products with certification marks. We
tested a multi-group structural equations model, assessing the mediation of the Perceived Product
Safety (PPS) between Packaging with reference to Territoriality (PT) and Intention to Buy (IB). Our
findings show that in both groups PT has a positive association with IB and PPS and that PPS has
a positive association with IB. The difference is the mediation of PPS, present only in the Italian
group. This opens important considerations on the role of the perception of safety, particularly in the
pandemic period, in the presentation of products, particularly in products with certification marks
linked to sustainability and territoriality.

Keywords: dairy products; territoriality; safety perception; intention to buy; multi-group analyses

1. Introduction

In recent years, there has been a progressive increase in consumer awareness as
consumers have become more informed and more demanding with regard to the quality of
agri-food products. This has led to the emergence of a growing market for products with a
strong territorial identification [1]. The data of the XVIII Ismea-Qualivita Report [2] show
that the demand for local or traditional foods is increasing, as they are often perceived to
be of higher quality [3], more sustainable, [4] and bearers of a strong cultural identity [5].

Over the years, the emphasis on the territorial origins of agri-food products has become
a consolidated marketing model, posing as an alternative to mass production [6–8]. Refer-
ences to territory, whether on packaging or in advertising, have become an increasingly
popular way for marketers to differentiate products, by attributing specific characteristics to
them, derived from specific cultural identities and traditions. Indeed, as stated by Bryła [7],
“It is possible to copy all aspects of a food product, but it is impossible to change its history”.
Thus, the geographical origin of the product becomes an added value that enables small
and medium-sized enterprises to compete with large international companies [9].

References to territoriality can be considered as a driver for the purchase of food
products [10–12]. The added value of references to territorial origins has led the European
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Union to adopt a package of legislation (EC Regulations 2081/92 and 2082/92) which
provides protection of food names according to their origins: the Protected Designations of
Origin (PDO), the Protected Geographical Indications (PGI), and the Traditional Specialities
Guaranteed (TSG) [13]. On the consumers’ side, these labels represent a guarantee of
quality, since references to territoriality are evocative of concepts that encourage the choice
of these products. First, regional products are linked to the concept of tradition, understood
as the transmission of knowledge from one generation to the next [14]. Guerrero and
colleagues [15] defined a traditional food product as “a product frequently consumed
or associated with specific celebrations and/or seasons, normally transmitted from one
generation to another, made accurately in a specific way according to the gastronomic
heritage, with little or no processing/manipulation, distinguished and known because of its
sensory properties, and associated with a certain local area, region, or country”. The limited
production area and the specificity of the territory contribute to endow the product with
special characteristics in the eyes of consumers [9]. Another concept associated with local
or traditional foods is that of authenticity [16,17], considered as one of the main drivers in
consumers’ attitudes towards brands and products [18,19]. Moreover, another key aspect
determining the appeal of local products is their sustainability, that is, the use of production
processes that are able to respect the environment and to provide forms of support and jobs
for local communities [20,21]. Finally, another function of controlled indications of origin
is to reduce the information asymmetry between producers and consumers, so that the
latter can always be aware of fundamental aspects regarding the origin and the production
of food [22]. For the reasons listed above, brands with certification marks are perceived
by the consumer as natural, authentic, safe, and controlled. Van Dijk and colleagues [23]
confirmed in their research the fundamental importance of the certification marks as a
symbol of protection connected to the territory.

The role of packaging is essential to communicate the product visually and its connec-
tion with the territory. Indeed, packaging is the first visual element that puts consumers in
contact with the product, a pre-requisite for information processing [23]. It is, therefore,
important to investigate the importance of packaging in communicating aspects such as
tradition and territoriality [10]. Indeed, packaging could play an important role in the
challenge to communicate the abstract concept of “traditional” to new targets, such as
young generations.

Until now, research has mostly focused on the perceptual characteristics that packag-
ing must have to convey quality and safety. Specifically, the study by Simmonds et al. [24]
suggested that transparent packaging “increased willingness to purchase, expected fresh-
ness, and expected quality, as compared to packaging that used food imagery instead. In
addition, people expected the products to be tastier, to be more innovative, and were more
liked overall in several of the product categories that were assessed.” Chandran et al. [25]
found that transparent packaging increased the product trust. However, as specified by
Simmonds et al. [24], to have a positive effect on purchase intentions, the product contained
in transparent packaging must be visually attractive in order to avoid the opposite effect.

Few empirical studies have instead focused on the role that references to territoriality
on packaging have on the willingness to buy and on the psychological mechanisms un-
derlying this choice [10]. Since it is recognized that consumers are willing to pay more for
better quality and healthier products [26–29], in this study we investigate the role played
by references to territoriality on packaging of dairy products with a certification mark by
hypothesizing that:

Hypothesis 1a (H1a). Reference to territoriality on packaging has a direct and positive
association with intention to buy.

Among the drivers for people to buy territorial products is the sense of safety associ-
ated with food, namely the access to healthy food with no risks to human health and no
contaminants [30]. According to Espejel and colleagues [31], consumers infer from PDO
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labels a safety badge, due to the strict controls to which products under the protection are
submitted by the regulatory councils. So, we hypothesize:

Hypothesis 1b (H1b). A positive and direct association of packaging with reference to
territoriality with food safety perception.

Moreover, according to Grunert [32], the perception of safety plays a mediating role
between the demand and supply of agri-food products. Therefore, according to [33] (but
see also [23,31]), we hypothesize:

Hypothesis 2 (H2). A positive and direct association of food safety perception with inten-
tion to buy and that:

Hypothesis 3 (H3). Perceived product safety has a mediating role between the sense of
territoriality evoked by packaging and the intention to buy.

For our research question we have chosen to focus on the specific category of products
from the dairy sector. We chose to focus on dairy products for two reasons. First, dairy
products are characterized by a higher contribution to climate change with respect to
vegetable foodstuff production, and the relationship between perceived sustainability of
dairy products and willingness to pay has already been investigated in the literature [11].
Second, in the European Union, 231 cheeses have a designation of origin [34]. In particular,
it is the southern European countries (e.g., Italy, France, Spain) that have the largest number
of products that are candidates for registration as PDO or PGI, and these countries are
comparable to each other in their familiarity with controlled origin products [14,35]. This
makes dairy products suitable for conducting a multi-group survey involving subjects
from different European countries, with the aim of testing a first pilot general model or
identifying any differences worth further investigation. Herein, we carried out a multi-
group study, basing our survey on a sample of Italian subjects and one of French subjects.

The following, Figure 1, shows the theoretical model and the expected relationships
through the hypotheses.

Figure 1. The hypothesized theoretical model.

2. Materials and Methods

2.1. Participants and Procedure

The study involved cheese consumers from Italy (IT; N = 400) and from France (FR;
N = 200). These two countries were selected on account of the production of dairy products
with certification marks. Participants completed a questionnaire placed on an online
platform (Google Moduli) to which researchers added a note with instructions to fill in
the questionnaire and a note to ensure anonymity. The questionnaire was administered
between May and June 2020. Before the questionnaire, participants were asked to answer
to some screening questions related to the consumption of cheese (that is, if they bought
and ate cheese), the frequency of consumption and purchase, and whether they had food
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allergies, in particular, cheese allergies. Participants not satisfying the criteria of real
consumption of cheese (buying, eating, and the possibility of consuming cheese without
allergies) were not considered in the study. Moreover, all participants provided their
informed consent in a specific box before filling in the questionnaire.

The IT sample included 60% females and 40% males, with an average age of 45 years
(SD = 10.64). Among them, 11% lived alone, 72.8% were married, and 16.3% lived with
their family of origin, and they had an average number of children of 0.780 (SD = 0.932).
Their overall cheese consumption (coded as: 2 = rarely, 3 = sometimes, 4 = often) was 3.655
(SD = 0.563).

The FR sample included 60% females and 40% males, with an average age of 46 years
(SD = 12.39). Among them, 19% lived alone, 78% were married, and 4% lived with their
family of origin, and they had an average number of children of 0.915 (SD = 1.069). Their
overall cheese consumption was 3.710 (SD = 0.536).

The IT and FR samples did not significantly differ in mean age, as shown by the two-
sample t-test (χ2 (598) = 0.918, p = 0.359), nor in number of children (W = 42,020.5, p = 0.274)
or average cheese consumption (W = 4197.0, p = 0.211), as shown by the Mann–Whitney
U tests.

As this study used convenience samples, we compared the demographic data of
the two samples. According to ISTAT data, in Italy the updated distribution of females
and males in the considered range of age is, respectively, 50.4% and 49.6%, whereas in
France it is 51.6% and 48.4%. Even if these data are more gender distributed than the
samples of the study (they are more equally distributed than the data of the study, which
have a slightly higher percentage of females), they reflect a convergence between the two
compared populations, making them comparable (that is, balanced distribution of female
and male with slight predominance of females). This balance was also reflected in the
samples of the present study, respecting the proportion of the general population and
balancing, therefore, the contribution of type/gender in the study as well.

2.2. Measures

On the basis of the literature above mentioned [26–29,31,32], the study detected three
main measures to assess consumers’ attitudes towards the dairy products with certification
marks (see the complete list of items in Table 1).

Table 1. List of measures and items.

Measure Items

Packaging and Territoriality
1. The packaging must reflect the tradition of production
2. The packaging must recall the territory
3. The packaging must clarify the place of production

Perceived Product Safety

1. It is important that the products with the certification mark I
choose are healthy
2. It is important that the products with the certification mark I
choose are nutritious
3. It is important that the products with the certification mark I
choose are without additives

Intention to Buy

1. Thinking about the certification mark, I am willing to pay more
2. Thinking about the certification mark, if it weren’t present in
one shop, I would look for it in another
3. Thinking about the certification mark, I would recommend
purchasing it

The first measure is Packaging and Territoriality (PT). Starting from the considerations
on the role of packaging and the relationship with territoriality [26–29], we formulated three
items as follows: “The packaging must reflect the tradition of production”; “The packaging
must recall the territory”; and “The packaging must clarify the place of production”.
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Participants had to indicate their agreement or disagreement with each item using a 7-point
Likert scale ranging from 1 (strongly disagree) to 7 (strongly agree). This measure obtained
a very satisfactory reliability, with a Cronbach’s alpha coefficient (α) of 0.82 (IT = 0.86;
FR = 0.80).

The second measure is Perceived Product Safety (PPS). This measure focuses on the
perceptions of consumers of how healthy and nutritious a product is. Three items were,
therefore, formulated on the basis of the literature considering the need for safe products,
particularly when considering dairy products with certification marks and the consider-
ations of aware consumers [31,32]. The items were as follows: “It is important that the
products with the certification mark I choose are healthy”; “It is important that the products
with the certification mark I choose are nutritious”; and “It is important that the products
with the certification mark I choose are without additives”. Participants had to indicate
their agreement or disagreement with each item using a 7-point Likert scale ranging from 1
(strongly disagree) to 7 (strongly agree). This measure obtained a satisfactory reliability,
with a Cronbach’s alpha coefficient (α) of 0.72 (IT = 0.70; FR = 0.75).

The third measure is Intention to Buy (IB), understood as the positive attitude towards
buying dairy products with certification marks. This measure is based on the consideration
of the quality that a product should have and the possibility for consumers to place their
trust in that product [23,31,32]. Also in this case, three items were formulated: “Thinking
about the certification mark, I am willing to pay more”; “Thinking about the certification
mark, if it weren’t present in one shop, I would look for it in another”; and “Thinking about
the certification mark, I would recommend purchasing it”. Participants had to indicate
their agreement or disagreement with each item using a 7-point Likert scale ranging from 1
(strongly disagree) to 7 (strongly agree). This measure obtained a satisfactory reliability,
with a Cronbach’s alpha coefficient (α) of 0.78 (IT = 0.80; FR = 0.72).

2.3. Data Analyses

Data analyses were performed through SPSS 27 for descriptive statistics, correlations
(Pearson’s r), and alpha reliabilities (α) for each scale. These analyses were performed on
each group considered in the study. The multi-group structural equations model (SEM)
was estimated with MPLUS 8 in order to simultaneously test in both groups, Italian and
French, the relationship between the detected variables and the possible presence of a
mediation by the perception of product security between the packaging with territoriality
links and intentions to buy products with certification marks. It has to be specified that the
hypotheses were specified a priori and a partial mediation model was performed [33]. The
goodness of fit of the model was evaluated by the chi-square value (χ2), the comparative
fit index (CFI), the Tucker–Lewis index (TLI), the root mean square error of approximation
(RMSEA), and the standardized root mean square residual (SRMR).

To assess possible effects of common method bias, Harman’s single-factor test was
performed [36] through a confirmatory factor analysis. Results obtained with MPLUS
8 showed the following fit indices: χ2(28) = 709.499, p < 0.001, CFI = 0.67, TLI = 0.58,
RMSEA = 0.20, SRMR = 0.17. These indices show that the model could not be identified,
thus indicating that one single factor did not account for the variance in the data and
suggesting that common method bias was unlikely.

3. Results

From a psychometric standpoint, all the assessed variables in the study showed
satisfactory Cronbach’s alpha values, ranging between 0.70 and 0.90, meeting the criterion
of 0.70 [37].

Correlations are shown, for each group, in Table 2 (IT) and in Table 3 (FR), with
descriptive statistics of the detected measures. Both samples show high levels of PT and
PPS, with means over the central point of the scale (higher levels for the IT sample),
whereas the IB variable shows lower levels (with higher levels for the FR sample). As for
correlations, the two samples show similar trends in correlation values, in particular for
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the correlation between PT and PPS (rIT = 0.63; rFR = 0.62), with higher values in the FR
sample as for the correlation between PT and IB (rIT = 0.45; rFR = 0.56) and between PPS
and IB (rIT = 0.42; rFR = 0.47).

Table 2. Means, Standard Deviations, and Correlations (Pearson’s r) of the IT group.

M SD 1 2 3

1. PT 5.90 1.28 (0.86)
2. PPS 5.63 1.08 0.63 ** (0.70)
3. IB 3.65 0.97 0.45 ** 0.42 ** (0.80)

Note: ** p < 0.01. Cronbach’s alphas are on the diagonal (in brackets).

Table 3. Means, Standard Deviations, and Correlations (Pearson’s r) of the FR group.

M SD 1 2 3

1. PT 5.44 1.31 (0.80)
2. PPS 5.43 1.05 0.62 ** (0.75)
3. IB 3.74 0.83 0.56 ** 0.47 ** (0.72)

Note: ** p < 0.01. Cronbach’s alphas are on the diagonal (in brackets).

An analysis of variance between the IT and FR samples showed two main significant
differences. The IT sample perceived higher levels of PPS (t(−2.234) = 410.453 p < 0.05),
whereas the FR sample showed higher levels in IB (t(2.303) = 598 p < 0.05).

The estimated multi-group SEM (Figure 2) showed satisfactory fit indices, which
confirmed the goodness of the model fit: χ2(52) = 132.991 (contribution χ2

IT = 86.119;
χ2

FR = 46.872), p < 0.00, CFI = 0.96, TLI = 0.95, RMSEA = 0.07 (95% C.I.: 05; 07); SRMR = 0.05.
Moreover, the multi-group SEM showed significant and good item loadings (p < 0.001)
in each group, suggesting a good structure of the latent variables created with these
groups of items. In this model, PT showed a direct, positive, and strong association with
PPS (βIT = 0.76; βFR = 0.77) and IB (βIT = 0.30; βFR = 0.52), particularly in the FR group,
confirming H1a and H1b. Moreover, PPS showed a positive and significant association
with IB (βIT = 0.33; βFR = 0.34), in agreement with H2.

Figure 2. Results of the multi-group structural equations model. Note: Group 1 = IT—outside
brackets; Group 2 = (FR)—in brackets.

Moreover, the model detected the mediating role of PPS between PT and IB. As shown
in Table 4, a significant mediation was found only in the IT group, whereas in the FR group
this mediation was not significant (βIT = 0.25; βFR = n.s.), partially confirming H3.

Table 4. Indirect effects of the estimated multi-group SEM.

Indirect Effects
Standardized Indirect Effects

Est. s.e. p

PT→PPS→IB 0.25 (n.s) 0.06 (0.14) 0.00 (0.08)
Note: Group 1 = IT—outside brackets; Group 2 = (FR)—in brackets.

174



Foods 2021, 10, 2352

4. Discussion and Conclusions

In the present study we conducted a multi-group survey with the aim of investigating
the relationship between the constructs of PT, PPS, and IB. Based on previous literature,
we hypothesized that the perception of rootedness in the territory, evoked by packaging,
directly and positively influenced the perception of product safety and the intention to
purchase dairy products (H1a and H1b). As underlined, packaging has a key role in com-
municating the product and in capturing the interest and the attention of consumers [10].
This is linked with the fact that the packaging is a visual stimulus, creating a first contact
with the product, a pre-requisite for the processing of information [23]. As for the visual
stimuli and the information processing, studies highlight that the visual element is crucial,
since the majority of information processed in the brain is mainly visual [38,39]. Moreover,
visual elements are considered more significant and reliable, and the use of visual stimuli
can help the process of meaning building. From a practical implication standpoint, it would
be useful to suggest to producers the use of immediate images and, in this case, the use
of clear images and elements linked to territoriality, in order to evoke the interest and
traditionality of a specific territory. As highlighted above, these elements can contribute
to endow products with special characteristics in the eyes of consumers, such as authen-
ticity [16,17] and both economic and social sustainability [20,21]. In addition, regulations
on controlled designations of origin reduce the information gap between producer and
consumer [22]. All these elements increase the sense of protection associated with products
being rooted in a specific territory. In light of these considerations and of the obtained
results, we can argue that the presence of territoriality can enhance the interest of the
consumer who evaluates the product as safe, controlled, and traditional, becoming a driver
for the decision to buy that product showing a reference to a specific territory [10–12].
We also hypothesized that the perception of safety directly and positively influenced pur-
chase intention (H2). By means of a recursive SEM model, we confirmed these research
hypotheses both on a sample of Italian subjects and on a sample of French subjects. This
would confirm the consumers’ perception of safety as a driver to buy. This is particularly
important if territorial products are considered, since safe products are associated with
healthy food with no risks to human health and without elements that can contaminate
products [30]. In this sense, there emerges the role of communicating the element of safety
also through territoriality, so strongly associated with intention to buy, both in the literature
and in this study. This also opens an interesting element of deepening the role of culture,
considering the mediation results found in this study.

In fact, we also hypothesized that PPS played a mediating role between PT and IB
(H3). This research hypothesis was confirmed only in the Italian sample. There are several
possible explanations for this result. Firstly, Italy was one of the countries hardest hit by the
pandemic, which had a higher mortality rate there than the average for other countries [36].
This situation may have resulted in the Italian sample being more sensitive to the issue
of perceived safety, taking into account the period in which the survey was conducted.
This would be in line with the result related to the association between PT and IB. In fact,
looking at this impact, in the French sample the impact of PT on IB was greater than in the
Italian sample, in which the mediation of PPS was present. This would be consistent in
explaining the need for safety information in the Italian sample.

Secondly, an explanation for the difference may be found in culturally different
associations with the concept of “traditional food”. In fact, Guerrero et al. [35] reported
different associations that Italian and French consumers made after hearing the word
“traditional”. The French connected it with the words “tasty”, “family”, and “dinner”,
while Italians connected it with “home-made”, “natural”, and “old”. The associations made
by the French sample refer more to a concept of food quality and moments of conviviality
in which food is consumed; the associations made by the Italian sample refer more to
production processes and to aspects which the literature mentioned in this paper has
associated with the concept of safety. Finally, it should be noted that both samples were
shown packaging for Italian products. The issue of ethnocentrism [40] may have influenced
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the different perception of safety and the role this played in determining the propensity
to buy. Future studies could investigate this further by showing both samples regional
products typical of both nationalities.

Barcaccia and colleagues [41] reported how the pandemic severely affected the market
for typical agri-food products in Italy, generating a surplus of supply and a drastic drop in
prices. Our results suggest that a strategy to help the sector cope with the severe economic
crisis could be to emphasize references to territoriality, since the perception of territoriality
is directly linked to the propensity to buy. Such a strategy could create a virtuous circle
with beneficial effects for local food companies and the economy as a whole. Indeed,
local/regional tourism uses local food or beverages both to enhance the tourism experience
and to support the tradition of local food/beverage production [42].

In conclusion, our results show that the perception of territoriality leads to a greater
propensity to buy and a greater sense of perceived safety. In the Italian sample, the safety
perception was shown to play a mediating role between the perception of territoriality and
the propensity to buy.

A first limitation of this study was the use of only two groups. Future studies should
investigate the influence of territoriality and of the perception of safety, in relation to
health, on other groups as well. This would allow the determination of differences and
fluctuations among different cultures and markets in order to give the right positioning
to dairy products with certification marks. Moreover, another limitation of this study
was related to the use of a cross-sectional design, as this did not allow us to define causal
relationships between variables. Future studies would use neuromarketing techniques to
capture the gap between the rational side and the experience and the emotional experience
of the subject in real time by having reliable results not mediated by cognitive processes [43].
These techniques in particular would be functional in capturing the role of territoriality
in conveying important and useful elements by optimizing the communication and the
presentation of the products [10]. This would have a double advantage: producers would
have more elements to sell their products and to tell their story and territory (with important
consequences for the territory to which they belong [10,42]), and consumers would have
more information, easy to find, and a better perception of health and safety. Furthermore, as
stated above, other studies aiming at investigating cultural differences in the perception of
territoriality on packaging should control for the effect of ethnocentrism by administering
products of both nationalities to both samples.

Another limitation was the use of a convenience sampling method. This procedure
allowed us to collect honest and open answers from participants [44] but not to gener-
alize the data. Future studies should provide specific samples both from cultural and
from sociodemographic standpoints. However, from a methodological point of view, the
sample sizes were adequate to perform a structural equations model, according to the
methodological advice suggesting a minimum sample size of 200 [45,46].

Moreover, further studies are needed to test the generalizability of our findings to
other types of traditional food products. Furthermore, our results suggest the need to
further investigate the role played by the perception of safety in determining the propensity
to buy typical local products. Future research should also investigate the links between
the concept of safety associated with food and the other drivers mentioned above (namely,
heritage, authenticity, and sustainability).
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Abstract: A huge amount of data is being produced in the food industry, but the application of
big data—regulatory, food enterprise, and food-related media data—is still in its infancy. Each data
source has the potential to develop the food industry, and big data has broad application prospects in
areas like social co-governance, exploit of consumption markets, quantitative production, new dishes,
take-out services, precise nutrition and health management. However, there are urgent problems in
technology, health and sustainable development that need to be solved to enable the application of
big data to the food industry.
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1. Introduction

Consumers are no longer satisfied with having enough to eat; food quality has be-
come a key factor in determining consumer choice [1], and their demands and prefer-
ences change with the season, time, weather, mood, and other factors [2]. However,
food choice is a luxury not every person enjoys. The Food and Agriculture Organiza-
tion (FAO) of the United Nations reported that 88% of countries face a serious malnu-
trition burden and so has issued healthy dietary guidelines that cover a wide range of
food and nutrition (http://www.fao.org/nutrition/education/food-dietary-guidelines/
regions/countries/united-states-of-america/en/(accessed on 2 September 2021)). Tradi-
tional food science has been unable to satisfy increasing demand for food in a world where
“healthy nutrition” has overtaken “well-fed” as the predominant paradigm of consumption
(https://baijiahao.baidu.com/s?id=1681293145359468742&wfr=spider&for=pc (accessed
on 2 September 2021)) [3]. However, big data offers food science a new means of scientific
analysis [4].

The food supply chain is composed of economic stakeholders from primary producers
to consumers. It has the characteristics of large volume, many links, wide distribution,
diverse types, and scattered data, and it is becoming more complex. Millions of tons of
food move around the world every year, so no enterprise can promise that every risk
node on the production line is absolutely safe. Any flaw in the supply chain could bring
a disaster and huge regulatory difficulties for government departments. However, big
data provides a solution to regulatory difficulties [5] by helping enterprises understand
consumer demand better and uncover food industry trends through big data analysis. The
food industry collects large datasets through real-time monitoring and can improve food
safety if analyzed in conjunction with sample data [6]. When industry data is combined
with data on consumer dietary behavior, food enterprises can optimize their investment
and adjust the direction of research and development in a timely manner. [7].

This paper uses bibliometrics to analyze the research progress of big data in the
food field. According to Bradford’s Law, a small number of core journals collect enough
information to reflect the latest and most important advances in science and technology.
The database of Web of Science Core Collection contains more than 12,000 core journals
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from more than 250 subject areas. It defined the search topic “Food & Big Data” and
selected 1672 papers from its database. The research progress of big data on food is
shown in Figure 1 It has increased significantly since 2014 because USD 35.8 billion was
invested in global agrifood from 2010 to 2019, and after 2014 the scale of financing grown
rapidly (https://agfunder.com/research/agfunder-agrifood-tech-investing-report-2019/
(accessed on 2 September 2021)). This increased capital investment promoted research
into big food data, and the rapidly rising trend is from 2010 to 2021 is shown in Figure 2.
China’s food industry has attracted global attention since 2012 because the country’s new
government leaders stressed that they would pay more attention to food safety (http:
//www.xinhuanet.com/politics/2017-01/03/c_1120239001.htm (accessed on 2 September
2021)). As the second largest economy and the world’s largest trading country, China has
great international influence. (https://www.brookings.edu/research/chinas-influence-
on-the-global-middle-class/ (accessed on 2 September 2021)). Big data has been one of
the focuses of research since 2013, mainly in food safety, food security and agriculture. Its
application to food safety may still be in its infancy, but it is affecting the entire supply
chain. The literature contains analyses on the feasibility and need for big data in the food
industry [4,6], but there are no in-depth analyses. Therefore, this paper will mainly discuss
the following three aspects in depth.

• The major sources of big data in food industry and its challenges.
• The market application trends of big data in the food industry.
• The main challenges to applying big data.

Figure 1. Research progress of data in the food field. From 1990 to 2010, the research papers of big data on food grew at a
rate of 100% every five years, and since 2010 it has grown by nearly 300% every five years.
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Figure 2. Analysis of the research direction of the data from 2010 to 2021 in the food field. Since 2013, food security and
big data have become a focus of researchers interested in the potential value of big data on food. The research focuses on
IoT-based data collection and its application to smart farming, supply chain management, food nutrition, and sustainable
development.

The authors of this paper hope to help researchers develop a deeper understanding
of the research progress of big data in the food field and to provide guidance for further
research.

2. Big Data in Food Industry

Big data sources of food mainly include regulatory, food enterprise (including data
generated at every link of the industrial chain from planting to restaurants) , and media
data (including food-related news, video, pictures and audio). High-quality big data
analysis can help develop the food industry, whereas analyses from low-quality data can
adversely affect managers’ prediction of market demand [8], and social stability [9].

2.1. Food Regulatory Data

Food regulatory data usually includes department regulatory and product sampling
data. Marvin [4] has detailed public information about food safety supervision and sam-
pling inspection in various countries. This information includes, reports on animal and
plant disease monitoring, hazards, food-borne diseases, which provided support for re-
searchers of deep-risk information. Rapid Alert System of Food and Feed (RASFF) is a
commonly used online food safety database for industry and scientific research in the Eu-
ropean Union (EU). Food safety databases in other countries include the Import Rejection
Report (IRR) and the Inspection Classification Database (ICD) in the U.S. and the State
Administration for Market Regulation (SAMR) alerts in China [5]. With the increasingly
close connection between countries, the trend of “table globalization” has become increas-
ingly prominent. In 2017, the amount of food China imported from Australia, the United
States, Japan, Germany, Southeast Asia, and other countries exceeded RMB 1.5 trillion
(https://www.askci.com/news/chanye/20171212/084457113784.shtml (accessed on 2 May
2021)). As shown in Table 1, the SAMR usually shares its sampling inspection results of
imported and exported food on government websites, which allows consumers to know
the quality of food on the market. The U.S. government shares food sample analysis reports
through the FSIS system. The EFSA database contains data on food consumption habits
and patterns across the European Union. Such statistical data allows users to quickly
screen long-term and acute exposures to potentially hazardous substances in the food
chain. In addition, the World Health Organization (WHO) established the Global Envi-
ronmental Monitoring System (GEMS/Food) in 1976, in which participating institutions
submit data on food pollutant concentrations and set up data centers to help govern-
ments, the Codex Alimentarius Commission(CAC) and other institutions to assess trends
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in food contaminants [10]. In 2015, the WHO integrated data from the fields of agriculture,
food, public health and economics to build a big data services platform for food safety
(https://www.who.int/foodsafety/foscollab/en/ (accessed on 2 May 2021)) to improve
risk monitoring.

Table 1. The public regulatory database.

Database Database Type Data Description Country Organization Link/Source

Import and export
food sampling Alerts/notifications Results of

food sampling China NMPA https://www.cfsn.cn/

Food sampling report Alerts/notifications Food sampling report USA FSIS https://www.fsis.usda.gov/science-data/sampling-program
European Food

Consumption Database Alerts/notifications
European food

consumption habits European EFSA
https://www.efsa.europa.eu/en/data-report/

efsa-food-composition-db

Import food sampling Alerts/notifications Results of
food sampling Japan MHLW https://www.mhlw.go.jp/content/11135200/000663987.pdf

Challenges. The sharing and circulation of data among food regulatory departments
is conducive to the construction of intelligent supervision of the food supply chain [11].
However, there are several challenges.

• Limited shared data. Government departments have not been able to fully disclose
detailed monitoring and sampling data, leading to the repeated testing of product
quality indicators by enterprises, which has resulted in serious waste of social re-
sources and increased operating costs. How to encourage various departments to
share data is an important research direction.

• Lack of system standards. Due to a lack of system standards, the independence of
departments leads to the relative independence of food supervision system. In addition,
the limitation of responsibilities further intensifies the independence of departments.
So, it is urgent that a new mode of interdepartmental data sharing be explored.

• Due to inconsist food standards, there are differences in the names and categories

of the same food, which is an obstacle to data sharing. The Estonian government has
proposed X-Road architecture of data sharing among the basic sectors [12], and a few
European governments will also be involved in international data sharing [13].

2.2. Food Enterprise Data

The food industry chain is composed of enterprises from agriculture, fishing, pro-
cessing and restaurant and is characterized by many links and wide distribution. At
present, all agricultural machinery is electronically controlled to improve operational per-
formance [14,15]. Cloud computing, the Internet of Things, big data and blockchain can
integrate isolated production lines in the food supply chain into data-driven interconnected
intelligent systems. Through semantic active technology, each operation is automatically in-
tegrated, improving the efficiency of precision agriculture and enterprise management [16].
Using sensors and drones to collect data on weather, geography, and animal and crop
behavior can help farmers optimize crop planting and animal growth cycles. Intelligent
devices capture actionable data and make decisions that reduce equipment downtime [17].

In recent years, research on the IoT in the food industry has promoted the diversifica-
tion of the IoT platform to address market needs, [18,19] different monitoring models [20],
and unbalanced energy consumption [21]. IoT-integrated applications will help food com-
panies create new data sources. Industry 4.0 not only promotes the rapid development of
Agriculture 4.0, but also enables enterprises to transmit real-time information to identify
and meet the changing demands of stakeholders [15]. According to the Eurostat report
(https://www.brookings.edu/research/chinas-influence-on-the-global-middle-class/ (ac-
cessed on 2 September 2021)), the application of smart agriculture will save 4–6% of
agricultural costs and increase market value by 3% by 2026. The application of big data
can not only enable businesses to deal with challenges in food production, but also to
obtain more affordable raw materials to reduce production costs [14]. It also promotes the
development of smart agriculture, which helps save water [22], preserve soil, limit carbon
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emissions [23] and improveproductivity [24]. Smart agriculture provides an opportunity
for farmers, service providers, government and other stakeholders (such as financial insti-
tutions, investors, traders) to share their experiences in optimizing the agricultural supply
chain with the production sustainability [25].

Challenges. The food industry can benefit from big data services, but there are
challenges that need to be addressed, including data fairness such as the searchability,
accessibility, interoperability, and reusability of shared data, and a lack of information
standards and data processing technology.

• Lack of Information standards. (a) The lack of standardized protocols has created
incompatibilities among information management systems [26]; (b) The development
of the IoT is still in its initial stages. As IoT manufacturers develop independently, the
data generated may be difficult to interpret and share. In addition, there are other
problems such as IoT security in food safety. Any insecure IoT node in the food supply
chain can be a weak link in the entire system.

• Immature processing of food big data. Although cloud computing has been used by
many organizations, its appplication to big data regarding food safety is still in its
infancy. There as also problems such as system scalability, data fairness, data security,
and legal issues, which have not been adequately addressed. Blockchain technology
is expected to bring a safer and more transparent food supply chain, but it is still
immature and difficult to apply. Currently, the blockchain applicationa to food safety
is limited to traceability, and issues such as data integrity and data governance still
need research.

• Improved supply-chain decision-making. There is still a need to help farmers make
effective decisions in Agriculture 4.0, maintain effective connections among different
complex networks, and identifythe dynamic needs of stakeholders.

2.3. Media Data

Social media has become the main way for users to obtain and share food informa-
tion [27,28]. According to a statistical report on China’s Internet Network Information
Center, the number of Internet users in China has reached 854 million, and 88.8% [29].
Social networks have gradually become the mainstream platform for disseminating infor-
mation, a constant strem of videos, news, and other types of data [30]. Purcell et al. [31]
found that two-thirds of Internet users get their news from Facebook and share news
through social media. Through research into the generation, and promotion of social
events on the Internet, the mode and characteristics of information transmission can be
discovered, which provides support for practical application scenarios. In 2009, Google
successfully predicted the spread of the H1N1 virus based on query data in its search
engine and brought the public valuable time to prevent an outbreak [32]. Combining
the real-time advantage of big data with the conventional and available advantages of
traditional data will enable effective response to the transmission of public health events
such as COVID-19 [33]. Singh et al. discovered supply chain management problems by
using Twitter data to improve supply chain management in food industry [34].

The public participates in the discussion of events by different media, and it expresses
clear opinions and attitudes in the form of public opinion [35]. The report (https:// baijiahao.
baidu.com/s?id=1617643364060321280&wfr=spider&for=pc (accessed on 2 September
2021)) shows that food safety and food rumors were first among hot food events in 2018,
and the topic has become one of the prime targerts for media rumors, and social media’s
intensification of rumors can create a widespread crisis [35]. By analyzing and understand-
ing the trend of food incidents based on social media data, regulators can formulate timely
countermeasures like enhancing public awareness through science education and shaping
public opinion [36–38]. However, the field of media data has its challenges that need to be
overcome.

• Multi-source heterogeneous data fusion. Media data on Twitter, Facebook, YouTube
and various information portals have complex formats and multiple sources, and
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there is a lack of technology to identify relevant data in one sources and link it to
others. In the absence of a "fusion technology" for multi-source heterogeneous data
further study is urgently needed to address social media rumors and their negative
impact on public security.

• Rumor detection. Network rumors seriously impair the public’s ability to recognize
authentic of network information. The generation, influence, and propagation mech-
anism of network rumors have been studied [35–38], but there is still no answer to
the problem of improving the public’s abiity to evaluate network information. The
ability to perceive a risk has a positive impact on users’ attitudes, but social media
undermines it. Authoritative information on refuting rumors, such as government
notices and mainstream media news, have a significant effect on reducing the public’s
acceptance of network rumors and improving the willingness to identify network
rumors.

• Rumor control. Many studies based on communication science and psychology an-
alyze food rumors by the way they are transmitted, but there is a lack of relevant
research on government management. Existing food rumors detection technology
is mostly simulation, which rarely considers the responsibilities of government in-
stitutions. It will be necessary to consider the role of the government, social media,
and human networks to establish an efficient, and authoritative information platform
to dispel rumors in time. This will improve public risk and prevention awareness,
strengthen and punishment mechanisms for rumormongers, and strengthen legal
education and behavioral guidance for the public [35]. The study of social network
interaction patterns will be used to explore how to promote and change the public’s
perception, attitude, and behavior on rumors concerning food, health or other fields.

3. Application of Big Data in Food Industry

The food supply chain is from farm to table, where the main links are planting and
breeding, storage, processing, circulation (transportation) and consumption [39]. The
discovery of value information on original data needs to go through a continuous cycle:
of “discrete data—integrated data—knowledge understanding—mechanism extraction—
application effect analysis”, from which the potential value of data sets can be mined.
The processing system of big data application in food industry is shown in Figure 3. It is
composed of five modules: big data collection of food industry, big data processing and
fusion, big data mining and analysis, big data view and big data security. Each module is
closely connected, and its functions are briefly described as follows.

• Big data collection of the food industry. Based on sensors, web crawlers, near-
infrared detection instruments, food-related data is collected from different sources.

• Multi-source data processing and fusion. The collected data contaiins a considerable
anount of redundant and dirty data [40], but through cleaning and conversion
they can be removd and the data can be put into a standardized format. Then data
features are extracted, and fusion is performed using probability statistics [41], logical
reasoning and machine learning [42].

• Big data mining and analysis. This is a discovery mode of mining valuable knowl-
edge from massive data that can accuratetly predict activities through scaled data [43].
Some big data technology, including SVM(Support Vector Machine) [44], Random For-
est [45] and Naive Bayes [46], are used to analyze fused dataset to discover potential
patterns to create social value [47,48].

• Big data view. Due to the characteristics of the complexity and multidimensional
of data, it is necessary to generate a data view that can be easily expressed and
understood by users. These are usually parallel coordinate, scatter graph, and scatter
graph matrix methods [49,50].

• Big data security. In the lifecycle of big data on food, there are security risks in each
processing stage [51], so research into big data security technology has become an
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important research topic. This module provides security technical support for all big
data processing to ensure the safety, reliability, and controllability of data.

3.1. Social Co-Governance in the Food Industry

Social co-governance in the food industry provides a feasible solution to the issues
of food security and food quality by using public wisdom [52]. Social co-governance
is usually based on crowdsourcing to cooperate with consumers or experts to create
value [53]. The failure rate of new food product development exceeds 40%, and the
failure of new products usually affects the continued operation of small and medium-sized
enterprises [3]. Large food companies have tried to collect consumer preference data
through crowdsourcing, and have decided the direction of product development based
on an analysis of big data. The Danone company encouraged consumers to vote for a
creamy dessert flavor, and the 400,000 participants in 2006 more than doubled to 900,000
in 2011. Lay’s used the wisdom of crowds to develop more than 245,825 flavors of potato
chip [54]. Procter & Gamble, Starbucks and Unilever sought better product design based on
collective intelligence [55]. Employees often have a wealth of heterogeneous expertise, and
companies can gain insight from their workforce to help improve economic performance.
In addition, crowdfunding is another form of social co-governance, sharing business risks
and alleviating capital pressure through mutual assistance [56]. Social co-governance has
great potential for food security. Combining the mobile data of consumer groups with
food shelf life, the intelligent control of food inventory can be realized to prevent food
spoilage and waste [57]. Social co-governance can also be applied to monitoring foodborne
diseases [32], identfying contaminated products, reducing the risk rate of food rumors and
enhancing food safety [58].

Figure 3. The processing model of big data in food.

Although social co-governance can enable food enterprises to obtain consumer de-
mand information through diversified channels, it is still difficult to obtain effective infor-
mation in time due to the limitation of enterprise resources [53]. In addition, there is a lack
of an incentive or fair evaluation method in the food industry to convince consumers to
participate.
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3.2. Exploit Consumption Markets

There is a huge amount of food-related data both inside and outside the food supply
chain, and the collection and analysis can promote enterprises to expand their markets [59]:
(1) By collecting commodity and retail information for analysis, they can appraise the
market situation, grasp the business dynamics of their competitors, and define the market
positioning of products, thereby grasping market opportunity. (2) Collecting consumer
information (purchase lists and channels, commodity preferences, usage cycle, family
information, working condition, values) will establish a customer database that can give
enterprises portraits of their customers that reveal their preferences, consumption tendency,
value orientation and commodity reputation. With this information, enterprises can de-
velop efficient marketing strategies and develop trust, so they can continue to compete
effectively. (3) Data clustering analysis of consumers’ food evaluations (advantages and
disadvantages, quality, nutritional value) from social platforms such as Facebook, Twitter
and Sina Weibo, allows enterprises to anticipate potential problems and optimize the
quality of goods and services.

3.3. Quantitative Production

By predicting future commercial demand based on historical sales’ data, agricultural
and livestock products can be planned to reduce the probability of “cheap vegetables
hurting farmers”. In addition, big data analysis can help predict weather more accurately,
helping farmers and herdsmen to prepare for natural disasters. Analyses based on con-
sumption and crop growth data help farmers decide which crops varieties to increase and
which to reduce, improve crop yield, facilitate rapid sales,and achieve a return on capital.
Big data can also optimize grazing area for local herdsmen and improve the usage rate of
pasture. Fishermen can scientifically arrange fishing moratoria and locate fishing areas
based on the results of big data analysis.

Consumption trends and habits provided by big data, enable governments to provide
accurate guidance for agricultural and animal husbandry production, suggest production
levels according to demand, and avoid unnecessary waste of resources and social wealth
caused by excess capacity. When combined with drones, big data can promote the develop-
ment of precision agriculture by allowing farmers to collect information on the growth of
crops, diseases, and pests, at a much lower cost and with much higher accuracy than by
hired aircraft [60].

3.4. New Dishes New Experience

In 1992, chefs Heston Blumenthal and Francois Benzi were deciding which ingredients
with similar flavors would work well together, when someone created a combination
of white chocolate and caviar. Due to the chemical differences, it tasted terrible. Today,
because of food sciecne, there is a large amount of information about food chemicals [61]
and how they make food taste. Consequently, Ahn et al. [62,63] developed a flavor network
of ingredients connected by shared flavor compounds, in which flavors were limited
by the type of raw materials. Garg et al. developed a flavor database with richer food
materials [64]. Simas et al. promoted a flavor network and constructed the food-bridging
network [65]. However, some well-known food combinations such as red wine and beef,
do not share chemical compositions or flavor compounds, yet they are still very popular.
Therefore, food pairings need to be seen in a broader spctrum, not just based on flavor
compounds or chemical composition.

The future of food flavor design could be traced to 2019 when the company McCormick
partnered with IBM to use Artificial Intelligence and big data to generate new flavor
combinations by analyzing data from millions of datasets to meet the changing consumer
demand.
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3.5. Take-Out Service

In China, the number of online takeout users accounts for more than 44% of sales, and
the scale has exceeded 398 million people (https://www.qianzhan.com/analyst/detail/22
0/200512-65621d53.html (accessed on 2 September 2021)). The take-out markets with its
large number of users and rapid growth has generated a huge amount of takeout data. The
takeout big data service platform not only helps the government supervise the industry, but
also creates huge economic and social value. First, it predicts and informs customers of the
delivery time, thereby avoiding disrupting consumers’ daily plans and helping restaurants
establish a good reputation. Second, it helps the take-out enterprise understand consumer
demand. Third, the take-out big data platform promotes the transparency of the supply
chain, which is conducive to establishing and improving customers’ trust. Fourth, the
overall running of the city can be clearly understood by analyzing the take-out dataset [66].

Since take-out data involves sensitive private information (the customer’s location,
preference, bank, identity, and communication), ensuring data security in the take-oout big
data platform is a serious challenge.

3.6. Precise Nutrition and Health Management

The development of big data provides technical support for the processing of massive
data, and scientific guidance for human nutrition and health management. In the past, peo-
ple usually learned nutrition information from experts, books, and the Internet. However,
there was a lack of accurate nutrition and health management for individuals because of
the difference in individual health conditions [67]. In an example of applying big data to
the people’s daily diet Teng et al. proposed to use a recipe recommendation algorithm to
determine which food ingredients were necessary [68]. Grace et al. combined case-based
reasoning and a deep learning algorithm to generate new recipes [69,70]. However, it
may also generate "dark cuisine" due to the the uncertain factor of deep learning. Some
scholars, like Freyne et al., focused on a diet therapy. They developed a personalized
recipe recommendation system for obese people based on the suggestions from medi-
cal professionals and research on obese people [71]. In anoher instance, Yoshida et al.
proposed a personalized recipe recommendation based on users’ food preferences [72].
Zeevi et al. broke with traditional experience-based nutritional recommendations by using
machine-learning algorithms to combine data (e.g., blood parameters, dietary habits, and
gut microbiota) to formulate personalized diets that optimize postprandial glucose levels
and metabolites [73]. The combination of big data with Artificial Intelligence will provide
a new approach for the research of precision nutrition.

4. Challenges

While the food supply chain can benefit from big data, the following challenges need
to be addressed.

• Low data collection efficiency and poor data quality. Due to the lack of effective
data collection technology, there are problems with applying big data to food: missing
or insufficient data, and difficulties with data forensics. Therefore, it is of great
significance to study the collection and verification methods of multisourced big data
on food. In the future, edge computing technology will be used to link the food
supply chain thereby superseding traditional collection, which is hard to apply to a
complex collection environment and collection requirements. Intelligent web crawler
technology can be used to collect public opinion data from the Internet, and associate
it with data from the physical world to form a complete big data view of food safety. It
will solve the dilemma of the separation between physical world and public opinion
data found in traditional methods.

• Data islands. There is one are in the food industry where data is not shared: govern-
ment. Since regulatory data usually involve state secrets, and enterprise data may
involve trade secrets, they reluctance to share these data seriously hinders the applica-
tion and promotion of big data. Moreover, the independent management systems of
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enterprises and government creates poor system compatibility, which inhibits data
circulation. Therefore,a new business model is urgently needed, for example: the
establishment of an incentive mechanism to explore new methods of data fusion to
establish an effective privacy protection method and encourage data owners to share
data.

• Data security. Private information, such as consumer activity and social relationships,
is hidden in food data. For example, based on the user’s location, there are connections
to tracking data (such as order and logistical data and a location picture), so consumers
can be tracked through association analysis, which may represent a risk to the their
security [74]. In the life cycle of big data, there are security threats and privacy leakage
risks at each processing stage [51,75,76]. The security protection analysis of big data
for food is shown in Table 2. Data encryption is one of the effective methods for
protecting data security. Rivest [77] proposed a privacy homomorphic encryption
that would delegate part of a complex operations to a third party, directly operating
on the ciphertext, who would return the results without disclosing of information.
Yao et al. [78] proposed a secure multiparty computing scheme (SMC), in which all
participants realize collaborative computing, and the privacy of all parties is protected,
which eliminates the need for trusted third parties. However, ciphertexts have a
serious impact on data readability. The strongly robust blockchain has anti-network
attack, anti-eavesdropping, anti-tampering and anonymity features, that can protect
the security and reliability of data [79]. Combining blockchain with an access control
algorithm, Uchibeke et al. [80] proposed that data owners independently manage
their data and prevent data leakage. However, blockchain technology still needs to
be studied for security and work efficiency [81]; thus, research into big data security
and privacy protection technology has become an important research area in the food
field.

Table 2. Analysis of data security protection technology in the whole life cycle of food data.

Life Cycle Challenges Protection Technology

Data collection
Data corruption, data loss, data

leakage and data forgery Data encryption [82]

Data storage Illegal intrusion and data disclosure Storage encryption [83], blockchain [79]
Data transmission Data leakage and data corruption Data encryption [84], privacy protection [85], blockchain [81]

Data usage Information leakage and data abuse
Access control [86], SMC [78], data encryption [77],

differential privacy protection [87]
Data Destruction Privacy disclosure, destruct the data media Data trusted deletion [88]

• Security risks of crowdsourcing services. On one hand, food enterprises have a
large amount of enterprise data, but it is difficult to discover the potential value of the
information. On the other hand, in crowdsourcing, consumers are not enthusiastic
enough to participate, and there is a risk that the crowd will get out of control. In
the take-out market, unlicensed crowdsourcing deliverers have become the biggest
uncontrollable factor in takeout distribution, and it is a serious risk for take-out food
safety. (1) Since the equipment of deliverers is self-regulated, it is difficult to control
whether delivery safety standards can be achieved. (2) It is difficult to guarantee
the hygiene and health of the people involved in the delivery. If a deliverer carries
an infectious disease or the food is contaminated on the way, food safety cannot be
guaranteed at all. (3) Take-out deliverers increase the management difficulty of the
platform. Recently, the platform can only discipline deliverers through a user account
ban. But the deliverer only needs to register with a new mobile phone number and
borrow a person’s ID card for real name authentication, and then he can continue to
deliver. Therefore, the establishment of a fair, incentive, and perfect crowdsourcing
service mechanism will be one of the important research topics.

• Healthy and sustainable development of the food industry. By 2050, the world’s
population will exceed 9 billion, and only through a healthy and sustainable food in-
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dustry can global food demand be met. [89]. However, resource waste and foodborne
diseases are key factors restricting this sustainable development: excessive chemical
residue in crops from the of chemical fertilizers and pesticides [90]; perishable food
loss in developing countries and enormous food waste in developed countries [91];
high energy consumption and pollution from food processing and transportation; and
the discarding of potentially contaminated food because of the iinability to quickly
and efficiently trace the source of a contamination. Therefore, the economic and
environmental sustainability of stakeholders are the core factors for promoting the
sustainable development of the food industry chain.

5. Conclusions

Because big data can provide a large amount of effective business information, the
development of data-driven industries has attracted attention from all countries [92]. In
2012, the United States promoted big data as a national strategy to promote the formation
of new economic growth and enhance national competitiveness [93]. Subsequently, EU
member states formulated big data development strategies to transform traditional national
governance models [94]. Big data to promote the development of the food industry has
become a main research topic. This paper introduced the application of big data in food
industry and showed that the main data sources are regulatory, enterprise, and media
data. The results showed the great potential for big data for the food industry. Big
data has particularly broad application prospects in social co-governance of the food
industry, quantitative production, exploitation of consumption markets, new dishes, take-
out services, and precise nutrition and health management. But, to exploit this full potential
of big data, technical, social, and health and sustainable development issues require further
research.
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Abstract: The effects of population increase and food production on the environment have prompted
various international organizations to focus on the future potential for more environmentally friendly
and alternative protein products. One of those alternatives might be edible insects. Entomophagy, the
practice of eating insects by humans, is common in some places but has traditionally been shunned in
others, such as European countries. The last decade has seen a growing interest from the public and
private sectors to the research in the sphere of edible insects, as well as significant steps forward from
the legislative perspective. In the EU, edible insects are considered novel foods, therefore a specific
request and procedure must be followed to place them in the market; in fact, until now, four requests
regarding insects as a novel food have been approved. Insects could also be used as feed for livestock,
helping to increase food production without burdening the environment (indirect entomophagy).
Market perspectives for the middle of this decade indicate that most of the demand will be from the
feed sector (as pet food or livestock feed production). Undoubtedly, this sector is gaining momentum
and its potential relies not only in food, but also in feed in the context of a circular economy.

Keywords: entomophagy; novel food; mealworm; grasshopper; cricket; locust; acceptance; alterna-
tive protein; sustainability; neophobia

1. European Market of Insects

In the last decade, the insect sector has increased worldwide, also reaching popularity
via mass media communications, mostly when new regulations or outcomes are released
in relation to its potential in all areas of food chain production. Indeed, insects, when
compared to conventional livestock animals, require low amounts of water, land, and
feed to produce the same quantity of nutritional molecules [1]. Insects, as poikilotherm
animals, can convert feed (substrates) with high efficiency in their body, decreasing the
feed conversion ratio. Several international agencies and organizations have identified
insects as one of the players in the commercial food chain in the future and as an active
actor in reducing the environmental impact while increasing animal production [1,2].
Several international organizations are supporting the sector worldwide, such as IPIFF
(International Platform of Insects as Food and Feed, Brussels, Belgium), AFFIA (Asian Food
and Feed Insect Association, Bangkok, Thailand), NACIA (North America Coalition for
Insect Agriculture, Chicago, IL, USA), and IPAA (Insect Protein Association of Australia,
Canberra, ACT). Edible insects are becoming a part of the human diet, directly or indirectly,
in many regions of the world [3,4], even if they currently represent a niche market in
Western societies [5]. According to the Global Market Insights report, in 2019, the size
of the edible insects market exceeded 112 million USD [6]. Though the global market
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data for edible insects are inconsistent, also given their short market history and consumer
availability, different reports point to an overall growth of the market for edible insects [6–8].
The Global Market Insights report estimated that the edible insects market will grow by
47% between 2019 and 2026 [6]. It is expected that the largest increase might happen in
North America and Europe [9]. The global edible insects market is segmented not only
with regard to geography, but also by insect species, product type (e.g., whole insects, insect
meal, and insect powder), and application (e.g., food and feed) [10]. As regards geography,
the Asia–Pacific region led by Thailand, China, and Vietnam dominated the market in
2019 with around 41% of the market share in terms of revenue, followed, respectively, by
Europe (22%) (led by the UK, the Netherlands, and France), Latin America (21%), North
America (13%), and the Middle East and Africa (3%) [7]. Based on the insect type, beetles
dominated the global edible insects market in 2019 with around 30% of the market share
in terms of revenue, followed by caterpillars and Hymenoptera, respectively [7]. Insects
and insect-based products are consumed in different forms: it is possible to find whole
insects, or insects processed into food ingredients (e.g., flour or powder), which are then
incorporated into final products (e.g., energy bars, burgers, or compound feed) [11,12].
Insects can be eaten roasted, fried, or boiled as a whole (which is the traditional way of
preparation in most tropical countries), or they can be dried and ground and can then be
added to foods otherwise [13].

In the past decade, in the edible insects market, numerous entrepreneurs and compa-
nies have become active in the production of insects [5]. Several initiatives have gradually
transitioned from ambitious startups to well-established operators that are about to rapidly
grow their production capacity. In Europe, the insect production sector was initially based
mainly on small- to medium-sized startups, which undertook insect breeding in zoological
gardens for biocontrol purposes or the production of animal feed [14]. Nowadays, the
situation is different, and it is possible to find a certain number of insect feed business
operators (iFeedBOs) (some of them are also active in food production activities) and some
insect food business operators (iFoodBOs).

In the market factsheets developed each year by the IPIFF, it is possible to find specific
information about these two kinds of operators. In Europe, from the 500 tons of insect-based
products (whole insects, insect ingredients, and products with added edible insects) in
2019, the market will expand to 260,000 tons by 2030 [15], with powder/insect ingredients
accounting for over 75% of the total. Insect FoodBOs comprise micro-companies (81%)
with fewer than 10 employees, followed by small (16%) and medium-sized (3%) companies,
with the number of employees between 10 and 50 or 50 and 250, respectively. The level
of investment varies a lot among the operators. For most of them (63%), the investment
is under 500,000 euros, and only 3% receive investments up to 25 million [16]. With the
growth of the insect sector and growing investment, more jobs will be created (not only
direct jobs, but also indirect ones, such as in specialized retail, logistics, administration, or
research). Insect FoodBOs are involved in the different stages of insect production: primary
production, processing into insect ingredients, and preparation of insect-based food. In all,
28% of the iFoodBOs are involved in all of the stages, 19% are involved in production and
processing, 12%—in processing and preparation, 36%—in preparation, 3%—in production,
and almost 3%—in the selling of different edible insect products to end consumers through
their respective channels (e.g., online platforms). The majority of iFoodBOs are concentrated
in northern European countries, led by the United Kingdom, Germany, and Belgium, and
followed by the Netherlands, France, Finland, and Denmark [12]. As a matter of fact,
according to some authors [1,17], the Netherlands has to be considered as the European
“hub” of early research associated with the human consumption of insects in the first decade
of the 21st century. The insect FoodBOs segment their final market, choosing between the
national, European, and extra-European markets. In 2020, the majority (more than 60%) of
the European iFoodBOs primarily focused the sale of products in the country of production.
However, by 2025, iFoodBOs are expected to concentrate most of their activity on the EU
market, even if they decide to maintain their activity at both the national and international
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level. As regards iFeedBOs, according to the IPIFF, most of them are SMEs (i.e., small
enterprises with 10–50 employees or medium-sized enterprises with 50–250 employees).
Micro-enterprises (1–10 employees) also represent more than 40% of the companies active
in feed production. By 2030, it is expected that almost one out of two FBOs will be a large
enterprise—with more than 250 employees. Insect FeedBOs have managed to raise over
one billion euros in investments—figures that may reach three billion euros by 2025 [18].

By the middle of the decade, most of the demand for insect meal will likely lie in the pet
food sector (almost 40–50% of the insect meal produced) and in aquaculture feed production
(reaching 25–35% in terms of the share) [19]. Indeed, until 2021, in the European Union,
insects as feed were only authorized for aquaculture (Commission Regulation 2017/893)
and pet nutrition. Recently, the EU member states voted positively on a regulation aimed
at enabling the use of insect-processed animal proteins (PAPs) in poultry and pig nutrition
(Commission Regulation 2021/1372 of 17 August 2021). Thus, according to the IPIFF
forecasts [18], the next relevant market for insects as iFeedBOs in terms of the quantity of
insect meal sold will be the poultry (20–30%) and pig markets (5–15%), which will see a
rapid increase following entry into force of the approval of insect PAPs.

The potential use of edible insects in European countries is currently debated among
many stakeholders of the food supply chain. This paper aims to provide a concise but
comprehensive state of the art on how insects could be used as food in light of the new
legislative framework and recent EU novel food authorizations. In addition, we underline
the crucial role of consumer acceptance of edible insects and reflect on how consumers will
play a role in this sector. Our discussion takes into consideration the current situation at
the European level in the framework of research policy and business perspective.

2. Regulation of Insects as Food in the EU

Before insect-based food products started to attract a significant level of attention in
the European food market, small-scale production and trade of edible insects had not been
considered sufficiently important to be subject to legislative matters or safety standards
supervision [20]. In fact, in most European countries, the consumption of edible insects
is still very low and often seen as socially improper [21]. This is also because in Europe,
edible insects and insect-based products are classified as novel foods (NFs) [11], that is,
food products that do not have a history of human consumption within the region or
country in question or, more specifically, any food that was not consumed “significantly”
prior to May 1997, according to the EU regulations. However, interest in insect-based
products has been increasing in the last few years, triggered especially by the potential
environmental, economic, and food security benefits that insects could offer [22,23]. The
novelty of using insects for human consumption, as well as the high interest from the public
and the media in such products [5], poses important questions and concerns regarding the
risks derived from insect production, processing, and consumption [24]. Moreover, the need
in reliable guidelines has concerned producers and slowed down the growth of the sector,
as also highlighted jointly in 2018 by NACIA, IPIFF, AFFIA, and IPAA [5]. Answering
these questions, and therefore ensuring the safety of consumers, requires valid scientific
assessments that adequately inform policymakers with the responsibility to authorize the
incorporation of such products into the market.

Consequently, in 2015, the European Food Safety Authority (EFSA) published its first
scientific opinion on the risks associated with the production and consumption of farmed
insects as food and feed [25]. It covered considerations about potential allergenic and
environmental risks, as well as chemical and biological hazards linked to external factors
such as the methods used for their production, the substrates they are fed on, and the
lifecycle stage at which they are harvested, among others. The EFSA concluded that as long
as insects are fed with currently permitted feed materials, the potential occurrence of such
hazards is expected to be similar to that of other non-processed protein sources. This means
that insects can only be safely reared on substrates of vegetable origin or specific allowed
animal-origin materials, preventing the possibility of using substrates containing manure
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and other waste materials. This opinion laid the groundwork for a new European regulation
on insects as NF, i.e., Regulation (EU) 2015/2283. According to this new regulation, insect
food products may be commercialized only if authorized by the European Commission
(EC). The process of obtaining such authorization is very straightforward: anyone who
intends to place an NF on the EU market must submit an application to the EC. After the
application is verified and validated, it becomes available to all the member states, and
the EFSA is requested to provide a scientific safety assessment within nine months from a
valid application. Based on this opinion, authorization is granted or not. This regulation
also indicates the specific insects that can be utilized as NFs, labeling recommendations for
insect-based products, as well as general conditions for the inclusion of NFs in the union
list, which is updated by the EC and serves as a reference for economic operators who wish
to place an authorized NF on the market (Figure 1).

Figure 1. Novel food (NF) authorization process. * This amount of time can be longer if the
EFSA requests additional information from the applicant. ** The Standing Committee on Plants,
Animals, Food and Feed. 1,2 Acheta domesticus (Belgian Insect Industry Federation—Belgium;
Cricket One—Vietnam). 3 Locusta migratoria (Belgian Insect Industry Federation—Belgium). 4 Apis
mellifera (Finnish Beekeepers’ Association—Finland). 5 Alphitobius diaperinus (Proti-Farm Holding
NV—the Netherlands). 6 Hermetia illucens (Enorm Biofactory A/S—Denmark). 7,8,9 Tenebrio molitor
(Nutri’Earth—France; Belgian Insect Industry Federation—Belgium; Ynsect—France). 10 Gryllodes
sigillatus (SAS EAP Group—Saint-Orens-de-Gameville, France). 11,12 Tenebrio molitor (SAS EAP
Group—France; Protix Company—the Netherlands). 13 Acheta domesticus (Protix Company, Fair In-
sects BV—Dongen, the Netherlands). 14 Locusta migratoria (Protix Company, Fair Insects BV—Dongen,
the Netherlands).
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More recently, Regulations (EU) 2017/2469 and (EU) 2017/893 specify some rules
regarding the administrative and scientific requirements to an application to request autho-
rization of commercialization of an NF in the EU market, as well as some amendments of
the general criteria for insect and insect protein production, with particular attention to the
substrate options that can be used to rear them, which are limited to those permitted for
other livestock species.

Although, on the one hand, the highly restrictive regulations for the production and
commercialization of insects and insect-based products in Europe allow governments to
ensure the safety of consumers, on the other hand, they also slow down the development
of an industry capable of offering potential environmental and economic benefits [26]. At
the same time, in some countries, the lack of formal standards for production have led
to uncertainty and concern among many insect farmers, providing an unstable basis for
the industry (though also opening the possibility for the industry itself to innovate in the
development of standards) [27]. Therefore, new scientific evidence enabling an optimized
and improved assessment and the identification of specific critical control points in the
entire production and processing chain of insects is essential.

3. European Authorizations

Based on the regulation of NFs, as of December 2021, four authorizations deal with
insects. First, the EC authorized the placing on the EU market of dried Tenebrio molitor
larvae (yellow mealworm) as an NF. The application requested for dried Tenebrio molitor
larvae to be used as whole, dried insects in the form of snacks and as a food ingredient in
several food products, the target population being the general population. The applicant
(SAS EAP Group, France) made a request to the Commission for the protection of the
proprietary data submitted in the application.

Based on the applicant’s request, whole, dried larvae or larval powder were pro-
posed to be used as ingredients in food products, defined, using the FoodEx2 hierarchy,
as snacks other than chips and similar (maximum use level, ML = 100 g NF/100 g prod-
uct), protein and protein components for sports people (ML = 10 g NF/100 g), biscuits
(ML = 10 g NF/100 g), legumes-based dishes (ML = 10 g NF/100 g), and uncooked pasta-
based dishes (ML = 10 g NF/100 g) (see Table 1 for a complete list of products) [28].

Table 1. Food products and the maximum use levels reported in the four EFSA opinions on insects as
novel foods (NFs).

Maximum Use Level (g NF/100 g)

Food Category T. molitor 1 L. migratoria 2 T. molitor 2 A. domesticus 2

W/D/P F D P D P F D/P F

Beans and vegetable meal 5 15
Beer and beer-like beverages 2 2 2 1 1 1 1 1
Biscuits 10
Biscuits, sweet, plain 8 8 30 8 30
Bread and rolls with special
ingredients added 10 30

Caesar salad 15 5 5 5 15
Canned or jarred legumes 20 15 15
Canned/jarred vegetables 20 15 15
Cereal bars 15 15 30 15 30
Chickpeas (without pods) 40 20 20 30 30 40 25 40
Chips/crisps 20 20 40
Chocolate and similar 30 10 10 10 10 30 10 30
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Table 1. Cont.

Maximum Use Level (g NF/100 g)

Food Category T. molitor 1 L. migratoria 2 T. molitor 2 A. domesticus 2

W/D/P F D P D P F D/P F

Crackers and breadsticks 10 10 30 10 30
Dried pasta 5 5 15 1 3
Dried stuffed pasta 15 15 30 15 30
Frozen yoghurt 15 5 5 5 5 15 5 15
Hummus 5 15
Legume (beans) soup 15 5 5 5 15
Legume-based dishes 10 15 5 5 5 5 15
Meatballs 16 16 40 16 40
Meat burgers (no sandwiches) 16 16 40 16 40
Meat imitates 80 50 50 50 50 80 50 80
Mixed alcoholic drinks 2 2 2 1 1 1 1 1
Mixed vegetable soup 15 5 5
Mixed vegetable soup (dry) 15 5 5 5 15
Multigrain bread and rolls 10 10 30
Mushroom soup 15 5 5 5 15
Mushroom soup (dry) 15 5 5 5 15
Oilseeds 40 20 20 30 30 40 25 40
Onion soup 15 5 5 5 15
Pasta-based dishes, cooked 5 5 15
Pasta, filled, cooked 5 15
Pasta-based dishes, uncooked 10
Pizza and pizza-like dishes 15 5 5 5 5 15
Pizza and similar with cheese
and vegetables 5 15

Pizza and similar with cheese,
vegetables, and fruits 5 15

Potato soup 15 5 5 5 15
Potato-based dishes 15 5 5 5 5 15
Potatoes and vegetable meal 5 15
Pre-mixes (dry) for baked
products 15 15 30 15 30

Prepared pasta salad 15 5 5 5 15
Primary derivatives from nuts
and similar seeds 40 20 20 30 30 40 25 40

Protein and protein components
for sports people 10

Sausages 30 10 10
Snacks other than chips and
similar 100 100 100 100 100 100 100 100 100

Soups and salads 5 5 20
Tartar sauce 10 10 30 15 30
Tomato soup 15 5 5 5 15
Tomato soup (dry) 20 5 5 5 20
Tortilla chips 20 40
Tree nuts 40 20 20 30 30 40 25 40
Unsweetened spirits and
liqueurs 2 2 2 1 1 1 1 1

Whey powder 20 20 40 20 40

W, whole; F, frozen; D, dried; P, powder. Applicant: 1 SAS EAP Group [28]; 2 Fair Insects BV (Protix
Company) [29–31].

The Commission also authorized the placing on the market of a second insect, Locusta
migratoria (migratory locust), as an NF on 12 November 2021. The request dealt with
frozen and dried forms of the insect to be used in different food categories (Table 1). The
applicant was Fair Insects BV (Protix Company, the Netherlands). The NF consists of frozen,
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dried, and powder forms of the migratory locust, intended to be marketed as a snack or
as a food ingredient in several food products. Moreover, Protix Company requested data
protection [29]. On 8 December 2021, two requests by Fair Insects BV (Protix Company, the
Netherlands) were authorized as NFs. The authorized requests dealt with frozen and dried
formulations of whole Tenebrio molitor and frozen and dried formulations of whole Acheta
domesticus (house cricket) (Table 1). The applicant requested protection of the data for both
NFs [30,31].

The other 10 applications dealt with Tenebrio molitor (Nutri’Earth—France; Belgian
Insect Industry Federation—Belgium; Ynsect—France), Acheta domesticus (Belgian Insect In-
dustry Federation—Belgium; Cricket One—Vietnam), Gryllodes sigillatus (SAS EAP Group—
France), Locusta migratoria (Belgian Insect Industry Federation—Belgium), Alphitobius dia-
perinus (Proti-Farm Holding NV—the Netherlands), Hermetia illucens (Enorm Biofactory
A/S—Denmark), and Apis mellifera (Finnish Beekeepers’ Association—Finland).

Based on the applicants’ proposed uses, all of the NFs were listed in the “Snacks other
than chips and similar” products as whole products. Thus, all of the enterprises will be
able to place on the market products containing only insects that have been dried, frozen,
or ground into powder (in relation to the request). These include bakery products, such
as bread, biscuits, and crackers containing mealworms and crickets. Six different types of
products referred to pasta-like products, all listed in the two requests made by Fair Insects
BV (Protix Company) for mealworms and crickets. Moreover, three different types of pizza
were listed for these requests.

Edible insects are commonly presented and positioned to consumers as meat alterna-
tives [17,32]. This argument is not supported by research or entrepreneurial ideas, but is
wrongly based on the idea that insects could be a substitute for meat products, providing
significant environmental benefits. Edible insects are more than an alternative to meats;
especially in relation to the nutritional–economic status of the consumers/country, insects
could be positioned as a major protein or energy food, decreasing the gaps between the
rich and poor nutritional diets across the developing and the developed countries (without
negatively affecting the environment). Furthermore, in the developed countries, consumers
are unwilling to accept the direct substitution of a “nice” slice of meat with a “strange” dish
of insects (food neophobia) [33–36]. In this contest, meat-like products are only partially
reported in the lists. Indeed, sausages, meatballs, and meat burgers were listed with an
inclusion of approximately 30–40% (w/w) of frozen locusts, mealworms, and crickets, or
approximately 10–16% (w/w) of dried/powdered insects. Contrarily, meat imitates will be
intended as more insect-based, with a maximum of 50% of dried/powdered insects or 80%
of frozen insects.

Interestingly, a high number of vegetable-based foods was reported in the requests.
Vegetable-based dishes, meals, soups, salads, and canned/jarred items were requested by
all the applicants. Moreover, oilseed and primary derivatives from nuts and similar seeds
were listed in the applications with quite high maximum contents of insects (respectively,
20–30 dried or powder NF g/100 g product and 40 frozen NF g/100 g products).

It seems like producers are going to use edible insects in beverages more as a curiosity,
and likewise the caterpillar of Comadia redtenbacheri (gusanos rojos in Spanish) in a mezcal
traditional recipe [37]. The percentages in beer and beer-like, mixed alcohol drinks, as well
as unsweetened spirits and liqueurs, range between 1% and 2% w/w.

Foods intended for sports people are also listed as “protein and protein components
for sports people” and whey powder. In these products, the insect contents are 10%, 20%,
or 40%.

4. Consumer Acceptance of Insects as Food

In the past few years, a considerable number of studies has been published on con-
sumers’ acceptance of alternative proteins, including edible insects as food [32]. Several re-
cent up-to-date reviews on eating insects and insect-based foods provide a critical overview
within the EU [4], as well as globally [38]. In addition, Sogari et al. [39] provided a com-
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prehensive perspective on the overall state of research activity on consumer attitude and
behavior toward entomophagy without date restrictions. Their results showed that the
number of publications has increased substantially since 2015, after the publication of the
FAO report “Edible Insects: Future Prospects for Food and Feed Security” [1,5], and the
trend has maintained since then [38]. Most of these studies focused on European consumers,
with only a few of them including a cross-country comparison (e.g., Italian and Dutch
samples in [40]). As a result of the majority of these studies being conducted in Western
countries, researchers have investigated consumers’ reactions to processed insect-based
foods such as snacks (e.g., biscuits, chips, and bars) rather than whole and traditional
dishes with insects [4,41].

This rising publication trend calls out for a need to provide a thematic synthesis. First,
compared to even few years ago, as Dagevos [38] suggested, we have gained a considerable
understanding of consumers’ acceptance of insect-eating. It is now clear that a high level of
food neophobia (i.e., fear of new foods) implies a low inclination to consider insects as a
food to try and purchase, regardless of the respondents’ origin [42,43]. Another motivation
of Western consumers’ aversion to eating insects is disgust, a primary emotion and a major
aversive reaction toward insect consumption since research on entomophagy started [5,41].

The aversion to insects as a food is also strictly linked to the food culture [24]. Several
studies have shown that the stronger the gastronomic culture within the society, the greater
the rejection, and vice versa [4,40]. This is also linked to other people’s opinions (social
norms), which could strongly affect the acceptance of consuming this novel food. On the
contrary, individuals who have already had a positive experience of eating edible insects
show a higher willingness to eat insects in the future [4]. Moreover, previous experience of
eating insects plays a significant role in the willingness to repeat consumption due to a pos-
itive perception of tastiness (e.g., expected liking) and reduced food neophobia [38,41,44].

Several studies have analyzed the effects of information about the benefits of en-
tomophagy on the attitudes toward insect food products, indicating that this strategy
increased insects’ acceptance [32,41]. For example, Mancini et al. [4] showed how an
education lecture about the ecological, safety, nutritional, and taste-related aspects of insect-
eating increased the willingness to try insects and insect-containing foods among a group
of university students. However, consumers’ response to these information treatments is
strongly correlated with subjective interests in the nutritional or environmental benefits of
the eaten food [38]. Thus, it is likely that young people, such as students, who are sensitive
to the current challenges in food sustainability [45] will more likely be responsive to infor-
mation about the health or sustainability aspects of insects as food than older consumers.
In fact, early adopters of insect food products are often identified in young adults [4],
especially males [32,46]. In particular, it has been noted by Jones [47] that in her study,
many young people of school age welcomed the opportunity to have their preconceptions
surrounding what is acceptable challenged in light of a more sustainable food system.
Besides gender and age, the dietary regimen also plays a role with respect to consumers’
attitudes toward entomophagy. For example, Elorinne et al. [46] showed that non-vegan
vegetarians’ attitudes toward eating insects were the most positive, whereas vegans held
the most negative attitude, considering eating insects as immoral and irresponsible. In fact,
in the Netherlands, supermarkets display insect-based convenience foods such as burgers
and nuggets in the same section as vegetarian products [48].

Familiar food preparation is another driver for insect consumption [4,44]. Thus, the
current market strategy is to develop highly processed insect-based foods that are familiar
in Western diets such as burgers, bread, biscuits, crackers, crisps, candy bars, shakes,
soups, sauces, and pasta [12,38]. This rationality of “hiding” the appearance of insects and
including them in crushed, bruised, or powdered forms, rather than visible and whole, is
supported by a large amount of empirical evidence [4,41]. It seems obvious that to reduce
disgust-based aversion and consequently raise the acceptance toward entomophagy, insects
need to be processed in a form that resembles known products (i.e., familiar-looking).
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Another recent stream of consumer acceptance studies focuses on using insects as
a feed source, which is sometimes defined as “indirect entomophagy” [49]. From the
literature, it seems that consumers will have higher acceptance of using insects as feed
for farmed animals than as food for human consumption [32]. In fact, in a recent study,
Menozzi et al. [50] found that there is a potential consumer interest in considering insects
as a protein substitute in the poultry sector.

5. Conclusions and Future Prospects

World population growth and the increase in food demands push scholars to research
alternative protein sources for both human and animal consumption. As presented in the
previous sections, the last decade has seen a growing interest from the public and private
sectors in research in the sphere of edible insects, as well as significant steps forward from
the legislative perspective in the EU. Moving from entomophobic countries such as most
of those in Europe to more open entomophilic societies will be favored by common and
shared stakeholder efforts, including national governments, the research community, and
the private sector [24]. This latter will include actors across the production, supply, and
consumption of food, which will be crucial to industry success [48]. Undoubtedly, this
sector is gaining momentum, and its potential relies not only on food and feed, but also
on the context of a circular economy. In particular, insects have the potential to convert a
wide range of organic byproducts into food and feedstuffs, which then go back into the
production cycle [51]. However, due to the current lack of evidence related to the safety of
the final products, EU regulations still prohibit the use of waste products as a substrate for
growing edible insects. Our review showed how the most edible insect species, i.e., crickets,
mealworms, grasshoppers, and locusts, investigated in consumer studies [41] are those
already authorized by the EFSA (i.e., Tenebrio molitor and Locusta migratoria), or currently
subject to a safety evaluation by the authority. As suggested by House [17], these species
are the “industry standard” food insects in Europe as the positive result of a number of
technical, practical, and legislative factors.

Although some adventurous consumers and sensation-seekers could try a visible
and whole insect [38], it seems clear that the marketing strategy adopted by most insect
companies is to develop processed products (e.g., bakery, meat, pasta, and pizza products)
in which insects are “hidden” in the form of a powder or similar. In addition, it has to
be highlighted how even if the current legislation and industry are contributing to the
idea that insects are a legitimate and edible (i.e., safe) food, this does not mean that they
will instantly be accepted and consumed [48]. Acceptance will especially depend upon
education, especially in the context of schools and young individuals, with the aim of
changing mis- and preconceptions about edible insects [47].

The prospect for future research should then concentrate on different aspects: (i) The
economic convenience of introducing insect meals into animals’ diets, both in the devel-
oping and the developed countries. Future studies on insects as feed and food should
better investigate the structure cost and profitability of insect farms. This type of anal-
ysis could facilitate the development of other farms to undertake the production of
insects and also support the sustainable development of this sector from the circular
economy perspective. (ii) Consumers’ willingness to pay for eating insects, insect-
based foods, and animal feed with insects as meal. Thus far, a considerable number of
consumer-oriented studies have focused on consumers’ attitudes and behavior toward
entomophagy. However, studies investigating consumers’ willingness to pay for such
products in real settings are lacking. Future research on this aspect is also important
to push farms to embrace this new sector of activity. (iii) The role of governments in
supporting the insect farming sector. Governments play a decisive role in facilitating
a shift toward new and sustainable food solutions. The sustainability of food systems
is a global issue, and food systems will have to adapt to face diverse challenges. As
mentioned in the “Farm to Fork strategy,” all actors of the food chain must play their
part in achieving the sustainability of the food chain. Farmers and producers need to
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transform their production methods more quickly and make the best use of nature-
based, technological, digital, and space-based solutions to deliver better climate and
environmental results, increase climate resilience, and reduce and optimize the use of
inputs. However, these solutions require not only human and financial investments,
but also a collective approach involving public authorities at all levels of governance
that could increase participation and provide a voice for farms and producers in global
processes related to food. (iv) Promoting the use of insects from the packaging and label-
ing standpoint. Attractive naming and descriptions, communication of health benefits,
branding (logo), and product image are important to consumers’ perceptions of insect
foods. Future entomophagy research should therefore focus on improving marketing
strategies to ensure that insects and insect-based products become more appealing. A
correct communication strategy could ameliorate access to insects and reduce future
generations’ unfamiliarity, inappropriateness, and disgust that are the major causes of
the non-acceptance of insects today.

Author Contributions: Conceptualization, S.M., G.S. and R.M.; writing—original draft preparation,
S.M., G.S., R.M. and S.E.D.; writing—review and editing, S.M., G.S., R.M., S.E.D., D.M. and G.P.;
funding acquisition, S.M. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the University of Pisa, PRA (Progetti di Ricerca di Ateneo)
grant No. PRA_2020_12 (Produzione di Insetti come Feed e Food (PIFF)).

Acknowledgments: The authors kindly acknowledge the FOODS journal Award Committee who
conferred to article https://www.mdpi.com/2304-8158/8/7/270 (accessed on 23 January 2022),
Foods Best Paper Award 2019, granting this publication free of charge.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. van Huis, A.; van Itterbeeck, J.; Klunder, H.; Mertens, E.; Halloran, A.; Muir, G.; Vantomme, P. Edible Insects. Future
Prospects for Food and Feed Security; Food and Agriculture Organization of the United Nations: Rome, Italy, 2013; Volume
171, ISBN 978-92-5-107595-1.

2. Moruzzo, R.; Mancini, S.; Guidi, A. Edible Insects and Sustainable Development Goals. Insects 2021, 12, 557. [CrossRef]
3. Macombe, C.; le Feon, S.; Aubin, J.; Maillard, F. Marketing and Social Effects of Industrial Scale Insect Value Chains in Europe:

Case of Mealworm for Feed in France. J. Insects Food Feed. 2019, 5, 215–224. [CrossRef]
4. Mancini, S.; Moruzzo, R.; Riccioli, F.; Paci, G. European Consumers’ Readiness to Adopt Insects as Food. A Review. Food Res. Int.

2019, 122, 661–678. [CrossRef]
5. Payne, C.; Megido, R.C.; Dobermann, D.; Frédéric, F.; Shockley, M.; Sogari, G. Insects as Food in the Global North—The Evolution

of the Entomophagy Movement. In Edible Insects in the Food Section; Springer: Cham, Switzerland, 2019; pp. 11–26. [CrossRef]
6. Edible Insects Market Analysis 2020–2026|Industry Forecasts. Available online: https://www.gminsights.com/industry-

analysis/edible-insects-market (accessed on 16 November 2021).
7. Edible Insects Market to Reach US$850 Million Globally by. Available online: https://www.globenewswire.com/news-release/

2020/05/22/2037713/0/en/Edible-Insects-Market-to-reach-US-850-Million-globally-by-end-of-2027-Coherent-Market-
Insights.html (accessed on 16 November 2021).

8. Edible Insects—Statistics & Facts|Statista. Available online: https://www.statista.com/topics/4806/edible-insects/
#dossierKeyfigures (accessed on 16 November 2021).

9. Guiné, R.P.F.; Correia, P.; Coelho, C.; Costa, C.A. The Role of Edible Insects to Mitigate Challenges for Sustainability. Open Agric.
2021, 6, 24–36. [CrossRef]

10. Ebenebe, C.I.; Ibitoye, O.S.; Amobi, I.M.; Okpoko, V.O. African Edible Insect Consumption Market. In African Edible Insects as
Alternative Source of Food, Oil, Protein and Bioactive Components; Springer: Cham, Switzerland, 2020; pp. 19–51. [CrossRef]

11. Derrien, C.; Boccuni, A. Current Status of the Insect Producing Industry in Europe. In Edible Insects in Sustainable Food Systems;
Springer International Publishing: Cham, Switzerland, 2018; pp. 471–479.

12. Pippinato, L.; Gasco, L.; di Vita, G.; Mancuso, T. Current Scenario in the European Edible-Insect Industry: A Preliminary Study.
J. Insects Food Feed. 2020, 6, 371–381. [CrossRef]

13. Daub, C.-H.; Gerhard, C. Essento Insect Food AG: How Edible Insects Evolved from an Infringement into a Sustainable Business
Model. Int. J. Entrep. Innov. 2021, 146575032110308. [CrossRef]

14. Halloran, A.; Flore, R.; Vantomme, P.; Roos, N. Edible Insects in Sustainable Food Systems; Halloran, A., Flore, R., Vantomme, P.,
Roos, N., Eds.; Springer International Publishing: Cham, Switzerland, 2018; ISBN 978-3-319-74010-2.

204



Foods 2022, 11, 455

15. Skotnicka, M.; Karwowska, K.; Kłobukowski, F.; Borkowska, A.; Pieszko, M. Possibilities of the Development of Edible Insect-
Based Foods in Europe. Foods 2021, 10, 766. [CrossRef]

16. IPIFF Edible Insects on the European Market. Available online: https://ipiff.org/wp-content/uploads/2020/06/10-06-2020
-IPIFF-edible-insects-market-factsheet.pdf (accessed on 16 November 2021).

17. House, J. Insects Are Not ‘the New Sushi’: Theories of Practice and the Acceptance of Novel Foods. Soc. Cult. Geogr. 2019, 20,
1285–1306. [CrossRef]

18. IPIFF The European Insect Sector Today: Challenges, Opportunities and Regulatory Landscape. Available online: https:
//ipiff.org/wp-content/uploads/2019/12/2019IPIFF_VisionPaper_updated.pdf (accessed on 16 November 2021).

19. An Overview of the European Market of Insects as Feed. Available online: https://ipiff.org/wp-content/uploads/2021/04/Apr-
27-2021-IPIFF_The-European-market-of-insects-as-feed.pdf (accessed on 22 January 2022).

20. Mariod, A.A. The Legislative Status of Edible Insects in the World. In African Edible Insects as Alternative Source of Food, Oil, Protein
and Bioactive Components; Springer: Cham, Switzerland, 2020; pp. 141–148. [CrossRef]

21. Koko, M.Y.F.; Mariod, A.A. Sensory Quality of Edible Insects. In African Edible Insects as Alternative Source of Food, Oil, Protein and
Bioactive Components; Springer: Cham, Switzerland, 2020; pp. 115–122. [CrossRef]

22. van Huis, A. Edible Insects Are the Future? Proc. Nutr. Soc. 2016, 75, 294–305. [CrossRef]
23. Mancini, S. Insects as Sustainable Feed and Food. Acta Fytotech. Et Zootech. 2020, 23, 214–216. [CrossRef]
24. Svanberg, I.; Berggren, Å. Insects as Past and Future Food in Entomophobic Europe. Food Cult. Soc. 2021, 24, 624–638. [CrossRef]
25. European Food Safety Authority. Risk Profile Related to Production and Consumption of Insects as Food and Feed. EFSA J. 2015,

13, 4257. [CrossRef]
26. Lähteenmäki-Uutela, A.; Marimuthu, S.B.; Meijer, N. Regulations on Insects as Food and Feed: A Global Comparison. J. Insects

Food Feed. 2021, 7, 849–856. [CrossRef]
27. Bear, C. Making Insects Tick: Responsibility, Attentiveness and Care in Edible Insect Farming. Environ. Plan. E Nat. Space 2021, 4,

1010–1030. [CrossRef]
28. Turck, D.; Castenmiller, J.; de Henauw, S.; Hirsch-Ernst, K.I.; Kearney, J.; Maciuk, A.; Mangelsdorf, I.; McArdle, H.J.; Naska, A.;

Pelaez, C.; et al. Safety of Dried Yellow Mealworm (Tenebrio molitor Larva) as a Novel Food Pursuant to Regulation (EU) 2015/2283.
EFSA J. 2021, 19, e06343. [CrossRef]

29. Turck, D.; Castenmiller, J.; de Henauw, S.; Hirsch-Ernst, K.I.; Kearney, J.; Maciuk, A.; Mangelsdorf, I.; McArdle, H.J.; Naska, A.;
Pelaez, C.; et al. Safety of Frozen and Dried Formulations from Migratory Locust (Locusta migratoria) as a Novel Food Pursuant to
Regulation (EU) 2015/2283. EFSA J. 2021, 19, e06667. [CrossRef]

30. Turck, D.; Bohn, T.; Castenmiller, J.; de Henauw, S.; Hirsch-Ernst, K.I.; Maciuk, A.; Mangelsdorf, I.; McArdle, H.J.; Naska, A.;
Pelaez, C.; et al. Safety of Frozen and Dried Formulations from Whole Yellow Mealworm (Tenebrio molitor Larva) as a Novel Food
Pursuant to Regulation (EU) 2015/2283. EFSA J. 2021, 19, e06778. [CrossRef]

31. Turck, D.; Bohn, T.; Castenmiller, J.; de Henauw, S.; Hirsch-Ernst, K.I.; Maciuk, A.; Mangelsdorf, I.; McArdle, H.J.; Naska, A.;
Pelaez, C.; et al. Safety of Frozen and Dried Formulations from Whole House Crickets (Acheta domesticus) as a Novel Food
Pursuant to Regulation (EU) 2015/2283. EFSA J. 2021, 19, e06779. [CrossRef]

32. Onwezen, M.C.; Bouwman, E.P.; Reinders, M.J.; Dagevos, H. A Systematic Review on Consumer Acceptance of Alternative
Proteins: Pulses, Algae, Insects, Plant-Based Meat Alternatives, and Cultured Meat. Appetite 2021, 159, 105058. [CrossRef]

33. de Boer, J.; Schösler, H.; Boersema, J.J. Motivational Differences in Food Orientation and the Choice of Snacks Made from Lentils,
Locusts, Seaweed or “Hybrid” Meat. Food Qual. Prefer. 2013, 28, 32–35. [CrossRef]

34. Caparros Megido, R.; Gierts, C.; Blecker, C.; Brostaux, Y.; Haubruge, É.; Alabi, T.; Francis, F. Consumer Acceptance of Insect-Based
Alternative Meat Products in Western Countries. Food Qual. Prefer. 2016, 52, 237–243. [CrossRef]

35. Tan, H.S.G.; Fischer, A.R.H.; van Trijp, H.C.M.; Stieger, M. Tasty but Nasty? Exploring the Role of Sensory-Liking and Food
Appropriateness in the Willingness to Eat Unusual Novel Foods like Insects. Food Qual. Prefer. 2016, 48, 293–302. [CrossRef]

36. Alexander, P.; Brown, C.; Arneth, A.; Dias, C.; Finnigan, J.; Moran, D.; Rounsevell, M.D.A. Could Consumption of Insects,
Cultured Meat or Imitation Meat Reduce Global Agricultural Land Use? Glob. Food Secur. 2017, 15, 22–32. [CrossRef]

37. Sogari, G.; Vantomme, P. A Tavola Con Gli Insetti; Mattioli 1885: Fidenza, Italy, 2014.
38. Dagevos, H. A Literature Review of Consumer Research on Edible Insects: Recent Evidence and New Vistas from 2019 Studies.

J. Insects Food Feed 2021, 7, 249–259. [CrossRef]
39. Sogari, G.; Liu, A.; Li, J. Understanding Edible Insects as Food in Western and Eastern Societies. Environ. Health Bus. Oppor. New

Meat Altern. Mark. 2018, 166–181. [CrossRef]
40. Menozzi, D.; Sogari, G.; Veneziani, M.; Simoni, E.; Mora, C. Explaining the Intention to Consume an Insect-Based Product: A

Cross-Cultural Comparison. In Theory of Planned Behaviour: New Research; Seyal, A.H., Al, E., Eds.; Nova Publisher: New York,
NY, USA, 2017; pp. 201–215. ISBN 9781536110968.

41. Sogari, G.; Menozzi, D.; Hartmann, C.; Mora, C. How to Measure Consumers Acceptance towards Edible Insects?—A
Scoping Review About Methodological Approaches. In Edible Insects in the Food Sector; Springer International Publishing:
Cham, Switzerland, 2019; pp. 27–44. [CrossRef]

42. Liu, A.J.; Li, J.; Gómez, M.I. Factors Influencing Consumption of Edible Insects for Chinese Consumers. Insects 2019, 11, 10.
[CrossRef]

205



Foods 2022, 11, 455

43. Mancini, S.; Sogari, G.; Menozzi, D.; Nuvoloni, R.; Torracca, B.; Moruzzo, R.; Paci, G. Factors Predicting the Intention of Eating an
Insect-Based Product. Foods 2019, 8, 270. [CrossRef]

44. Pambo, K.O.; Okello, J.J.; Mbeche, R.M.; Kinyuru, J.N.; Alemu, M.H. The Role of Product Information on Consumer Sensory
Evaluation, Expectations, Experiences and Emotions of Cricket-Flour-Containing Buns. Food Res. Int. 2018, 106, 532–541.
[CrossRef]

45. Arnaudova, M.; Brunner, T.A.; Götze, F. Examination of Students’ Willingness to Change Behaviour Regarding Meat Consumption.
Meat Sci. 2022, 184, 108695. [CrossRef]

46. Elorinne, A.-L.; Niva, M.; Vartiainen, O.; Väisänen, P. Insect Consumption Attitudes among Vegans, Non-Vegan Vegetarians, and
Omnivores. Nutrients 2019, 11, 292. [CrossRef]

47. Jones, V. ‘Just Don’t Tell Them What’s in It’: Ethics, Edible Insects and Sustainable Food Choice in Schools. Br. Educ. Res. J. 2020,
46, 894–908. [CrossRef]

48. House, J. Insects as Food in the Netherlands: Production Networks and the Geographies of Edibility. Geoforum 2018, 94, 82–93.
[CrossRef]

49. la Barbera, F.; Verneau, F.; Videbæk, P.N.; Amato, M.; Grunert, K.G. A Self-Report Measure of Attitudes toward the Eating of
Insects: Construction and Validation of the Entomophagy Attitude Questionnaire. Food Qual. Prefer. 2020, 79, 103757. [CrossRef]

50. Menozzi, D.; Sogari, G.; Mora, C.; Gariglio, M.; Gasco, L.; Schiavone, A. Insects as Feed for Farmed Poultry: Are Italian Consumers
Ready to Embrace This Innovation? Insects 2021, 12, 435. [CrossRef]

51. Moruzzo, R.; Riccioli, F.; Espinosa Diaz, S.; Secci, C.; Poli, G.; Mancini, S. Mealworm (Tenebrio molitor): Potential and Challenges to
Promote Circular Economy. Animals 2021, 11, 2568. [CrossRef] [PubMed]

206



foods

Review

Overview on Innovative Packaging Methods Aimed to Increase
the Shelf-Life of Cook-Chill Foods

Maria Lisa Clodoveo 1, Marilena Muraglia 2,*, Vincenzo Fino 2, Francesca Curci 2, Giuseppe Fracchiolla 2

and Filomena Faustina Rina Corbo 2

Citation: Clodoveo, M.L.; Muraglia,

M.; Fino, V.; Curci, F.; Fracchiolla, G.;

Corbo, F.F.R. Overview on Innovative

Packaging Methods Aimed to

Increase the Shelf-Life of Cook-Chill

Foods. Foods 2021, 10, 2086. https://

doi.org/10.3390/foods10092086

Academic Editors: Elena Canellas

and Marlene Cran

Received: 22 June 2021

Accepted: 30 August 2021

Published: 3 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Interdisciplinary Department of Medicine, University Aldo Moro Bari, 70125 Bari, Italy;
marialisa.clodoveo@uniba.it

2 Department of Pharmacy-Drug Sciences, University Aldo Moro Bari, 70125 Bari, Italy;
vincenzo.fino@gmail.com (V.F.); francesca.curci@uniba.it (F.C.); giuseppe.fracchiolla@uniba.it (G.F.);
filomena.corbo@uniba.it (F.F.R.C.)

* Correspondence: marilena.muraglia@uniba.it

Abstract: The consumption of meals prepared, packaged, and consumed inside and outside the
home is increasing globally. This is a result of rapid changes in lifestyles as well as innovations in
advanced food technologies that have enabled the food industry to produce more sustainable and
healthy fresh packaged convenience foods. This paper presents an overview of the technologies
and compatible packaging systems that are designed to increase the shelf-life of foods prepared by
cook–chill technologies. The concept of shelf-life is discussed and techniques to increase the shelf life
of products are presented including active packaging strategies.

Keywords: cook–chill technology; foods; packaging; shelf-life; sustainability

1. Introduction

1.1. Food Away from Home (FAFH) vs. Food Packaging Technology

The consumption of food away from home (FAFH) is constantly rising in the whole
industrialized society because of the increasing need to carry out activities for both children
at school and adults at work [1,2]. A rational approach should take in account innovative
methods for cooking food stuff and new packaging. Foods are expected to be tasty and
healthy even if not cooked at the moment of consumption. A rational design for cooking
and store foods could reduce waste and containing food expenditure. Food packaging
technology research should help food manufacturers to reach this goal meeting the needs
of consumers, the society and the manufacturers, often very different from each other.

While the consumers are oriented to products that match their own lifestyle, the society
needs safer and environmentally sustainable products that means major attention also
on packaging material, not only on food stuff. On the other hand, the manufacturers are
interested in the use of better and more cost-effective packaging materials and technologies
to meet the market demand and make profits [3,4].

1.2. Food, Energy, Environment Trilemma

In the next decades, the global community will attend to an increasing of food demand,
due to the third world demographic explosion, and the displacement of food crops, due to
a change of the land use that will be directed to the biofuel and bioenergy production [5].
A trend is visible in the scientific literature showing the conflict between food production
and bioenergy/biofuel production is the so-called “food, energy, environment trilemma” [6,7].
One of the possible strategies that should be used to solve this problem is the enhancement
of the food transformation efficiency intended as a reduction of waste and, therefore,
a general reduction of losses in edible material during food manipulation and consumption.

Now larger and medium sized catering and hospitality companies are forced to use
new technologies for cooking and storage due to business needs. Maybe in the near future,
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small companies, restaurants, and small communities including families will embrace this
new “food preparation philosophy” in order to reduce food costs.

The cook–chill processing procedure has been widely used in catering since the early
Nineties [8] coming from the practice of serving unused food the day after preparation to
avoid waste. This procedure consists in rapid cooling of cooked food to 2–4 ◦C before or
after packaging that will be stored at the same temperature until it will be served both hot
(by warming at 70 ◦C) or cold.

The current paper presents an overview of the advances in the cook–chill technol-
ogy developed to increase the shelf-life of foods without loss of their nutritional and
organoleptic value.

2. The Cook–Chill Technology

The habit of consuming food is a common practice for households who have access
to refrigeration. At the same time, lack of adequate preparation and storage can result in
incidents of food poisoning [9]. This can also result in considerable food spoilage which
contributes to increasing food wastage.

Companies involved in serving meals have implemented specific technologies of the
last two or three decades able to prepare and package meals designed for reheating without
loss of taste, flavor and texture. To obtain this result it is strictly necessary to follow a
simple protocol that is schematically shown in Figure 1.

Figure 1. A block scheme of the principal steps in cook–chill procedure.

2.1. Retrieving and Work-Up of Raw Materials

Choice, storage, handling, and preparation operations of raw materials follow simple
hygienic rules principally derived from good sense and coded by administration such as
U.S. Food and Drug Administration (FDA) or European Food Safety Authority (EFSA) (see
legislation paragraph below). The standard quality of starting materials must be as high as
possible because it is not going to improve with cooking, so the systematic control on the
supplier chain guarantees to keep the quality level.

After selection of raw materials, it is necessary to follow the basic food safety principles,
to ensure that the proper temperature and humidity of the starting materials are kept. In
addition, in preparing procedures, basic food safety principles have to be applied: separate
work surfaces and dedicated utensils should be used for different types of food (fish,
meat, poultry and vegetables) to prevent cross-contamination. At the best conditions, food
preparation should take place in a separate area from cooking and post-cooking.
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Frozen raw materials should be completely thawed out before use, rapid high temper-
ature thawing should be avoided because it can allow the growth of pathogens [10–12] and
may leave cold spots at the core of the food. Thawing with microwave ovens is generally
not recommended for the same reasons [7,13,14].

2.2. Cooking

Almost all kinds of cooking procedures are compatible with the cook–chill procedure,
this fact makes it a very flexible tool for food manufacturers. The main and unique problem
that it must be faced is the temperature control at the core of the food to ensure the proper
destruction of pathogens that may be present inside it [15].

The control of temperature depends on the type of food, its thickness, the type of
pathogens that eventually present, its charge, and cooking methods [16–23].

2.3. Cooling

The cooling step of the procedure is the most important of the entire process and it
can be carried out both before or after portioning and/or packaging of the cooked food.

The chilling apparatus that must be used in a cook–chill procedure should be capable
of chilling the food to around 3 ◦C in 2–4 h in dependence of the just cooked food temper-
ature. The rapid chill of the food avoids bacterial growth and preserves the appearance,
texture, flavor and nutritional value of the food [24].

Food probes are frequently used to check the process, because there are plenty of
variables that should influence the chill rate. If we only consider the type of food and the
cooking procedure followed in different recipes, we should have a too large volume of
information that we have to manage. Furthermore, each kind of food presents different
chill problems related principally on the nutrient content, on the water amount and its
quantity. Liquid preparation can be efficiently cooled by adding microbiologically pure
slush ice to concentrated soup dishes, while solids foods such as meat, fish or vegetables
are conveniently air-chilled [18].

Heat conduction by air circulation depends on surface area for heat exchange, gradient
temperature between hot surfaces and air flow, surface heat transfer coefficient.

Each product-refrigerating system couple can be characterized by an own surface heat
transfer coefficient that depends on the velocity impressed to the air flow and on its specific
heat. This constant value varies in a range from 5 to 500 W·m−2·K−1 [25].

With the aim to improve the performance of the chilling technology a lot of computa-
tional studies were performed on fluid dynamics [26–30] that presumably will influence
the next generation chilling technology.

While the improvement of the shelf-life of food using a cold chain after the cooking
process is a simple idea, the industrial or semi-industrial scale-up process is not so easy.
The rapid and homogeneous reduction of food temperature appear to be the main problem
of the entire process involving a lot of factors ascribed to the intrinsic nature of the foodstuff
and its variability, so the equipment should be able to be used to apply the procedure to
the highest possible number of recipes to make the process economically favorable for
foodservice industries.

3. Patent in Cook–Chill Technology

The following sections present a brief overview of the recent patent activity in food
service and catering. Patents related to both equipment designed for the cook–chill process
and other types of facilities useful for heat removal, cooking, sterilization or storage of low
temperatures that could be used in the same process are discussed.

3.1. Cook–Chill Apparatus

This group of inventions includes both cooking apparatus for low scale food produc-
tion than very large devices useful for industrial purposes. An example of a low scale
apparatus is a device consisting in a plate with a lower multizonal heater that can cooks
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two different recipes at the same time divided in two different vessels. It has also an upper
heater for grilling [31–33].

Several inventions are based on the same principle, this kind of apparatus consists in
a water bath (typically a tank) in which packaged food can be cooked and rapidly chilled
changing the temperature of the bath. Inventions differ between them in the warming
system [34], water filling and replacement devices, and temperature control devices [35–38].
Some similar apparatus was designed also for unpackaged food [39].

3.2. Cooker/Rethermalizer Systems

Cooker or re-thermalizer devices were designed in a similar way in respect to the
cooker–chiller devices for packaged food. Food fills racks in heating liquids filled tanks.
The bath temperature is controlled by temperature sensor devices [40–45].

3.3. Storage

Cook–chill technologies rely on the containment of foods and would not be possible
without materials that can withstand cooking and storage temperatures.

These items can be tubular bags with one end open and the other sealed with a heat
seal. The bags consist of a multilayered co-extruded plastic film made of various inert
polymers such as nylon, polyethylene, polyesters used alone or in various combinations
between them [46–49].

3.4. Procedures

This section presents some examples of complementary inventions (devices and
protocols) in work-up procedures of cook–chill processes.

One of these is a device for distributing cooled food, for large kitchens, comprising
a belt conveyor, several mobile feed distributor devices and a refrigerator circuit closed
with a refrigeration system. The cooling capacity of the system can be divided into several
cooling points which are arranged in the longitudinal direction of the belt conveyor and
have means for connecting a feed distributor apparatus [50]. A computer program for
management of out-of-hospital cooking service that can on-line receive meal orders from
a plurality hospital is described in a patent work [51]. This system can efficiently send
information to large scale kitchens that cook and deliver daily meal to each patient that
is registered on a master file containing nutritional and eat data according to medical
prescriptions.

In addition, small companies such as restaurants can follow industrial protocol for
preparing pre-cooked food [52] dividing the process in sequential steps: food cooking, por-
tioning and packaging, removing oxygen by vacuum pump, pasteurization or sterilization
and blast-chilling of the packages.

4. The Shelf-Life of Foods

4.1. Shelf-Life Definition

A unique definition of shelf-life does not exist. Generally, it could be defined as the
amount of time in which a useable wholesome state under the expected conditions of
storage using agreed upon methods and acceptance criteria [53,54].

In the last 25 years, experts and institutions have provided several definitions speaking
in term of acceptable sensory and nutritional properties of foods, or general eligibility
under defined environmental conditions.

Consumer preferences and lifestyles have impacted food product formulation, prepa-
ration, and consumption habits, and this too provides the impetus for renewed focus on
shelf-life determination. Upon commercialization, shelf-life tests must be performed upon
the first several lots of production in order to verify previously determined outcomes with
prototypical samples. In some instances, challenge studies must be performed to validate
the ongoing safety throughout shelf-life. Then for ongoing food production, routine shelf-
life testing is an essential quality metric, albeit a lagging indicator of quality. Attributes
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measured include microbiological counts, chemical degradation, physical deterioration,
and sensory properties [55].

In 1993 IFST (Institute of Food Science and Technology) for the first time identified the
key factors that must be considered in the shelf-life assessing process: (a) safety; (b) sensory,
chemical, physical and microbiological characteristics; and (c) nutritional label declaration.

In 2005, it was defined the sensory shelf-life [56] as the time during which the product
keeps its sensory characteristics and performance declared by the manufacturer providing
to the end users its benefits.

It is clear for all definitions that safety of the foods is out of discussion during this time,
in other words, the food is always considered safe for a longer period than the shelf-life.

4.2. Law Regulation on Shelf-Life

In this paragraph, we consider the law regulation of FDA and EFSA as supranational
organizations belonging respectively to the United States of America and the European
Union that represent a part of the world population that may influence the food trade,
analyzing contact points and main differences between them.

Law regulation on labelling of information related to the shelf-life of a food product
may vary quite a lot from country to country.

USDA (United States Department of Agriculture) in the United States [57] reports that
product dating on food stuff is not required by federal regulation except for infant foods,
so date applying on labels is a voluntary activity done by manufacturers that follow FSIS
(Food Safety and Inspection Service) regulation [58].

Close to the calendar date, eventually present on the package, there must be a phrase
that explains the meaning of the date shown such as, sell by, use before, or use by.

“Use by date” is an expression used mainly for infant foods that means “the last date
recommended for the use of the product while at peak quality”. This is information that
refers directly to the shelf-life of the product since it is not a safety date.

By the way, US-FDA (Food and Drug Administration) permits the use of this phrase
on infant foods under its close control meaning that the nutritional content of the food is a
safety statement for this kind of consumers and ensuring them that the formulas contain
not less than the quantity of each nutrient as described on the label.

Since December 2014 [59] it was operating the regulation UE 1169/2011 in the whole
EC that renewed the legislation on labelling [60] regarding all types of foods: fresh, pack-
aged by manufactures and product by catering services.

This regulation covers all the aspects connected with product presentation and ad-
vertising. From a practical point of view [61], since the application of the regulation all
food packages are deeply changed regarding its clarity (also font size character has been
regulated) and completeness including the whole list of ingredients, the indication on
the country of origin, nutritional facts reported as percentage of the RDA (recommended
dietary allowance), the list of allergens eventually present in the food, and durability
expressed in term of the date of minimum durability that indicate the date until which the
food retains its specific properties when properly stored.

This kind of information is directly related to the shelf-life of the product, and it is
reported on the package using the form “best before”, in which a date (with a format
day-month-year) is closely reported or there is an indication on where it can be retrieved.
This phrase may be substituted by “best before end” date in some specific cases. The
indication on durability of highly perishable food, that represents an actual danger for
human health after a short period, must be reported as “use by” date. After the “use
by” date a food shall be deemed to be unsafe [62] and so it could not be considered an
indication of the shelf-life of the product.

For frozen food, it is mandatory to indicate the freezing date (“frozen on” date) or the
date of first freezing if the supply chain provides for more than one freezing operation.

Recently, EFSA’s Panel on Biological Hazards (BIOHAZ) provided a series of scientific
opinions useful to establish guidelines on date marking and related food information
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in view of the implementation by food business operators (FBOs) of regulation (EU)
No 1169/2011 on food information to consumers as an integral part of their food safety
management system (FSMS). Specifically, the guide provides guidance on determining shelf
life and storage conditions and identifying factors that affect shelf-life determination [63,64].

4.3. Methods to Improve Food Shelf-Life

Many different methods are known to improve the shelf-life of a food, from ancient
times humans had the problem of having a safe food to eat when it was not possible to
retrieve it fresh. Therefore, some of the oldest ways to treat food for storage were drying
with sun exposure or by osmotic mechanisms, while in recent time cold storage, the use of
chemical additives, sterilization by ionizing radiation or the use of engineered packages
are normal practices for manufacturers and generally accepted by consumers.

All these methods are not suitable for all kinds of food or preparations so, it is
necessary to study a way of reduction or control of the microbial charge for each case.

Food deriving from a cook–chill supply chain belongs to a special class of products
for which a shelf-life enhancement would be desirable to reach as complicated to obtain.
Freezing, heating or drying procedure procedures can result in significant changes to the
organoleptic properties of foods [65,66]. In addition, the use of chemical additives is not
very suitable because they may cause a sensory modification of the product and even if not,
their presence could make the product less appealing considering today’s most prevalent
consumer sensitivity [67]. European consumers, for instance, are now used to reading the
product label they buy by having more awareness about the food they consume.

The use of high frequency electromagnetic radiation to sterilize cooked food is not
generally applicable because the reaction that may occur on the food surface cannot be
predicted [68].

The choice of the proper type of package may help to preserve cooked food, so several
studies have been carried out to develop new materials and applications taking in due
account the needs of consumers, the society, and the manufacturers [69–71]. Consumers
are oriented on high quality materials that are more convenient to meet their lifestyle,
the society watches on human health safety as well as friendlier products in respect to
the environment to meet the needs of public and environmentalists. The manufacturers
need better and more cost-effective packaging technologies to satisfy the market and make
profits.

To meet the market request, developments in packaging materials have focused four
main class of product that are developed in the last decades [72]:

• Sustainable packaging involves environmentally friendly technologies that are socially
acceptable and economically advantageous.

• Intelligent packaging involves the use of package integrated devices such as RFID
(radio frequencies identification) tags, time or temperature indicators and sensors for
tracking activities or sensing the internal or external environment of the package and
monitoring the product quality.

• Active packaging utilizes advanced technologies that actively modify the inner atmo-
sphere of the package in order to extend the shelf-life of the stored product.

• Responsive food packaging in which particular materials are able to react against
unfavorable stimuli in order to preserve the food quality [73].

In the following section, we will consider the field of application of packages in food
technologies that are able to extend the shelf-life of cooked food and research perspectives
on these engineered materials.

5. Food Active Packaging

The use of specific packaging could be of help in preserving the nutritional and
organoleptic properties of food prepared by using cook–chill technology. In this regard,
many new materials have been developed to contain food, constituting a real field of
applied research that aims to introduce safe, sustainable and low-cost packaging systems
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to the food market. The interest in active packaging is confirmed by the increasing number
of scientific papers which has more than doubled in the last decade [74,75].

Even if active functions of packaging have gained more visibility than original at-
tributes, such as mechanical strength, barrier performance and thermal stability, every new
material must satisfy each of these basic properties until it becomes a potential material for
food carrying. In addition, the use and development of new packaging, as well as the use
of new additives that provide interesting properties for food preservation, require careful
safety and toxicological evaluations due to the potential presence of food contaminants of
packaging origin on the quality and safety of fresh food [76–78].

To extend the shelf-life of a foodstuff it is crucial to measure the microbiological count
by optimizing some factors including oxygen partial pressure, moisture and water activity,
sunlight exposure and initial microbial charge [79].

Packaging with antimicrobial purposes can interact with the food contained in it or
with the empty space above it, to reduce, retard or even inhibit the growth of pathogenic
microorganisms and food spoilage [80].

A class of material deeply investigated for food packaging is polymers (low-density
polyethylene, LDPE, in most cases) which properties such as density and permeability
(related with release of small molecules) are tuned looking at the physical and chemical
properties of the spread substance [81].

Polymers and composites used as emitting materials can be divided into two main categories:

• Polymers that incorporate organic compounds.
• Polymers that incorporate inorganic compounds.

Summarily, organic compounds that may be used in active packaging material, must
have several features to satisfy food technology requirements and improve the shelf-life of
the food itself. They must be safe for humans by ingestion, inhalation, and contact, they do
not interfere with the organoleptic properties of the food, they should be able to contrast
the growth of many microorganisms (bacteria and fungi) that cause food spoilage and they
should have some antioxidant activity.

Synthetic additives that may be tailored with all these features have to satisfy many re-
quirements before safety declaration (as expected for drugs). Therefore, organic compounds
derived from natural sources that are deeply studied on animal models and humans, are
suitable for this application.

Essential oils (EO) are mixture of compounds derived from aromatic plants that have
been investigated not only for being natural product, but also because they have used
since ancient time for their biological properties as antioxidant, antimicrobial, anti-tumor,
analgesic, anti-pest, anti-diabetic, and anti-inflammatory [82–85].

The EOs mechanism of action has been extensively reported in the literature and
concerns the breakdown of bacterial cell wall, although the effect on the destruction
of enzymes or membrane proteins or the spillage of cellular content after cytoplasmic
membrane breakage are also possible [83,86,87].

Our experience in evaluating EOs drug efficacy as antimicrobial agents allows us to
promote their use in the engineering of new active packaging [88–92].

Among the class of organic additives, chitosan deserves particular attention: a polymer
that shows unique characteristics and potential application.

It is directly derived from chitin, a very cheap natural occurring material which is
constituted by a linear polymer of β-1,4-N-acetyl-D-glucosamine whose structure is close
to the β-1,4-D-glucopyranoside chain of cellulose except for the acetamide group at C-2
position of the monosaccharide unit.

Chitosan and its derivatives show significant antimicrobial activity [93] alone or in
combinations with essential oils [94] or other small molecules with antimicrobial proper-
ties [95–97]. Different polymers have been studied for food packaging, poly (butyleneadipate-
co-terephtalate) (PBAT) [98,99] is used because of its mechanical properties that are com-
parable with LDPE. It is completely biodegradable and compostable, obtained by total
metal-free processes and allowed for food application by FDA.
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Cellulose is a very versatile polymer that can be obtained as a nanostructured mem-
brane which may grow in the presence of other polymers and various additives producing
bionanocomposites that may be used in food packaging technology (including active
packaging) [100].

Other cellulose derivatives (hydroxypropyl-methylcellulose, HPHC, extensively used
in drug formulation as cover agent for solid preparations) was recently studied [101]
as matrix for controlled release of antioxidants (green tea extract) loaded on polylactic
acid nanoparticles.

The release of the active compound from the matrix was studied and results encourage
the use of the material as a potential candidate in active food packaging.

Some metals or metal-oxides show antimicrobial properties that several researchers
have exploited for food applications. The amount of release of metal particles is the real
challenge to meet the legislation of health institutions (EFSA, FDA).

Silver based nanocomposites of poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
and silver nanoparticles was studied [102] showing antimicrobial properties against
pathogens such as S. enterica and L. monocytogenes and oxygen permeability in respect
to the native polymer. PHBV was used also in composite with ZnO at various particle
dimensions [103–105].

A recent work [106] reports an innovative process for deposition of copper-containing
hybrid organic-inorganic thin film that improves the antimicrobial activity of the copper at
the level of silver.

Some materials for active packaging have already been used in the food industry to preserve
highly perishable foods, especially for meat, poultry, seafood, and their derivatives [107–109]
but no application has been reported for foods prepared with cook–chill technology.

These packaging materials include substances used against microbial growth, oxi-
dation processes or contain oxygen scavengers, carbon dioxide emitters and absorbers,
moisture regulators, flavour releasers and absorbers.

6. Conclusions

Food safety became a topic in scientific publications because of the growing interest
of the whole society on nutrition themes and rational exploitation of food resources. By
providing an analysis of the literature on food technology we focused our attention on
innovative packaging technology and food bio-preservatives aimed to increase the shelf-life
of cooked chill foods.

Despite the developments and the strong correlation between the sector of cook–chill
procedures and food active packaging research, at the present time there are no reported
examples of foods cooked with cook–chill technology and stored in food active packaging.
These emerged as new fields of investigation that may lead to commercially viable products
to improve sustainable and healthy food system production taking advantage of both
manufacturers and consumers.

Since we are certain of the strong correlation between the two sectors, this paper
could be a starting point for future investigations aimed to focus light on scientific findings
of innovative food technology to raise awareness among food industry managers and
stakeholders to the use of advanced food technology able to produce more sustainable and
healthy food systems.
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Abstract: Much research has been conducted to reveal the functional properties of extra virgin olive
oil polyphenols on human health once EVOO is consumed regularly as part of a balanced diet, as
in the Mediterranean lifestyle. Despite the huge variety of research conducted, only one effect of
EVOO polyphenols has been formally approved by EFSA as a health claim. This is probably because
EFSA’s scientific opinion is entrusted to scientific expertise about food and medical sciences, which
adopt very different investigative methods and experimental languages, generating a gap in the
scientific communication that is essential for the enhancement of the potentially useful effects of
EVOO polyphenols on health. Through the model of the Tower of Babel, we propose a challenge
for science communication, capable of disrupting the barriers between different scientific areas and
building bridges through transparent data analysis from the different investigative methodologies
at each stage of health benefits assessment. The goal of this work is the strategic, distinctive, and
cost-effective integration of interdisciplinary experiences and technologies into a highly harmonious
workflow, organized to build a factual understanding that translates, because of trade, into health
benefits for buyers, promoting EVOOs as having certified health benefits, not just as condiments.

Keywords: polyphenols; EVOO; antioxidant and anti-inflammatory properties; health claim; human
studies

1. Introduction

The Tower of Babel Model: A Challenge for Pharma-Food Science Communication on
EVOO Polyphenols

Nowadays, there is considerable attention toward the functional properties of extra
virgin olive oil (EVOO), the main product obtained from olives, fruits that come from
evergreen trees [1,2]. EVOO is a characteristic element of the Mediterranean diet (MD)
because of the health-beneficial effects deriving from its chemical composition [3–5] as well
as its appreciable taste and usefulness in flavoring a large variety of foods.

The overall literature studies report a wide variety of chemical and enzymatic analyses
in vitro, in vivo, and ex vivo to reveal the beneficial effects of EVOO polyphenols on
human health. EVOO is one of the foods naturally rich in polyphenols and is the main
lipid source in MD. Numerous scientific papers and reviews have shown that the potential
health benefits of EVOO are correlated to its high content of functional compounds such
as polyphenols, tocopherols, carotenoids, sterols, fatty acids, and squalene. This specific
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chemical composition helps to prevent the incidence of multiple diseases such as cardiac,
vascular, neurodegenerative, metabolic, and inflammatory ones [1,6–9].

In agreement with Visioli et al. [10], there is an urgent need to provide unequivocal
scientific evidence that can rationalize EVOO consumption, as an integral and essential
part of a balanced diet and healthy lifestyle, to quality of life in terms of prevention and
health maintenance. In fact, despite an exorbitant number of papers, only one effect of the
EVOO polyphenols has been officially accredited as a health claim by the European Food
Safety Authority (EFSA).

The need for new research able to deal systematically with the issue of phenolic
compounds present in EVOO and the related actions on human health is confirmed by the
fact that many of the requests of authorization to apply health claims on EVOO health effects
have received a negative scientific opinion from the EFSA. The latter could be ascribed
to different reasons, including the insufficient characterization of food constituent(s), the
lack of beneficial physiological effects of the proposed claimed effect, and, most of all, the
quality of the studies provided for the scientific substantiation of the claims. Among the
numerous olive oil claims that were submitted to EFSA, only one was allowed: “Protection
of LDL particles from oxidative damage” [11]. Specifically, the panel based its decision on
“a well-conducted and powered study, and two smaller-scale studies that showed dose-
dependent and significant effects of olive oil polyphenol consumption (for three weeks) on
appropriate markers of LDL peroxidation (oxLDL)”.

Moreover, the EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA)
considered that the quantity of olive oil required to obtain the claimed effect is 20 g (two ta-
blespoons) containing at least 5 mg of hydroxytyrosol and its derivatives (e.g., oleuropein
complex and tyrosol). This can reasonably be consumed within a balanced diet, and the
proposed wording (although the terminology can be considered excessively technical and
not fully understandable for most consumers) reflected the scientific evidence, complying
with the criteria for the use of claims specified in the EU Regulation 1924/2006 [11,12].

However, no other health claim on EVOO polyphenols has been approved by the
competent authorities to date. The critical and objective analysis of this result reveals
that most of the scientific investigations so far aimed at highlighting the health value of
polyphenols in EVOO have not met the requirements for the authorization of a novel health
claim while denouncing the inappropriate choice of investigative tools and the insufficient
evidence provided to establish a cause–effect relationship between the daily consumption
of polyphenols in EVOO and the claimed beneficial effect.

This evidence sheds new light on the need to bring together skills belonging to different
scientific areas, from food sciences to medical sciences, in a context of skills that still do
not communicate effectively due to excessively clear boundaries between the different
methods of investigation and specific languages of each discipline. To achieve a better
understanding of the real potential beneficial effects of EVOO polyphenols on consumers’
health and well-being, there is a need to create osmotic communication among different
scientific areas, building bridges through a clear evaluation of the information coming out
from the various methodologies of investigation in each step of health benefits assessment.
The failure rate of applications for the approval of health claims concerning EVOO is
enormous compared to the intellectual, human, and financial resources spent to prepare
the application reports supporting the cause-and-effect relationship. Unfortunately, science,
focusing on bridging information deficits about the health value of EVOO polyphenols,
has underestimated the need to rework its communication models to overcome regulatory
difficulties in favor of valuing the health claims of EVOOs.

Therefore, this circumstance represents clear evidence of the need to point out some
aspects concerning the EVOO phenols, such as the mechanisms of action and the labora-
tory methods used to identify, quantify, and test the antioxidant and anti-inflammatory
properties; these analytical tools need to be critically evaluated to verify their method of
defining the mechanisms of action and their practical utility in the transfer of information
in the subsequent phases of the cause-dose-effect evaluation, when the tests on humans
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will have to confirm the studies of drug dynamics, pharmacokinetics, and the potential
toxicity, to define the effective dose and limitations of use.

However, each research tool has a different efficacy in the health benefit validation
process. Most of them need to be harmonized to accelerate the progression of functional
food research through a highly active interconnection with related fields.

The challenge for communication across scientific fields, then, is not to discuss which
experimental protocol to adopt to improve the health value of EVOO, but to link scientific
knowledge and expertise in a transdisciplinary way by making it objective, meaningful,
reproducible, and transferable to public health policy authorities.

Thus, cross-science intellectual fertilization is needed, overcoming the current stratifi-
cation of the various scientific fields through a fluid and osmotic communicative process
among stakeholders. Herein, we purpose the Tower of Babel as a metaphor for a scientific
approach made of different disciplines and backgrounds that need to be integrated by
the synthesis of methodological procedures which draw upon more than one scientific
area, challenging conventional disciplinary approaches to generate the emerging sector of
pharma-food research (Figure 1).

Figure 1. The metaphor of the Tower of Babel of the functional food research sector.

A specialized disciplinary language favors more efficient intra-disciplinary communi-
cation but is a tool that excludes outsiders in a particular field. Thus, the Tower of Babel is
also a metaphor for different forma mentis. In this regard, a meta-disciplinary awareness is
necessary, as the ability to think about the goals, methods, and forms of communication of
disciplines harmonizes the focus of disciplinary knowledge and inquiry, and recognizes
the roles and constraints imposed by individual disciplines in the goal attainment.

In this work, we report an overview of the main methodologies adopted by the differ-
ent disciplinary areas involved in characterizing the polyphenolic and antioxidant profile
of EVOOs and evaluating the antioxidant and anti-inflammatory properties potentially
useful for obtaining a health claim. This paper aims to suggest a strategic, unique, and
efficient integration of cross-disciplinary expertise and technology in a harmonized work-
flow (Figure 2), organized to build factual understanding that can be translated thanks to
industry into consumer health benefits, by marketing EVOOs as having certified health
benefits, and not only as seasonings.
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Figure 2. Workflow for pharma-food study on extra virgin olive oil polyphenols.

2. EVOO Polyphenols

2.1. Quali- and Quantitative EVOO Polyphenols Characterization: A Dual Communication?

The most represented chemical classes in Olea europea L. trees are mainly classified
as nonpolar compounds (present in the lipophilic oil fraction, such as squalene, toco-
pherols, sterols, and triterpenic compounds) and polar phenolic compounds [1,13]. Among
the polyphenolic compounds, the most abundant and studied in olives are tyrosol (TY),
hydroxytyrosol (HT), oleuropein (OL), oleocanthal, and verbascoside (Figure 3) [1].

 
Figure 3. Most abundant polyphenols in olives: (a) tyrosol; (b) hydroxytyrosol; (c) oleuropein;
(d) oleocanthal; and (e) verbascoside.

The secondary metabolites from Olea europea L. have high biological value, and they
are present in different concentrations in the various parts of the olive plant [1]; as such,
many of them are present in the derived EVOOs, but they can also be found in the waste
products from the production process. In this regard, it should be noted that knowledge of
the biosynthetic pathway of EVOO polyphenols is one of the tools that can meaningfully
link distant disciplines such as food science, pharmacology, and medicine and accelerate
research progress in the field of functional foods.

Understanding the origin of a bioactive compound and how to control food production
phases to modulate the concentration of the biomolecule is a crucial step so that scientific

222



Foods 2022, 11, 1915

evidence of a benefit to human health and the definition of the effective dose can be used
as competitive factors in the industrial sector.

Furthermore, knowledge of the biosynthetic pathway of EVOO polyphenols facilitates
the standardization of products and the routine use of health claims on the label. These
aspects are important for food biochemistry.

All these considerations underline that the qualitative and quantitative characteriza-
tion of the pool of bioactive molecules that make up food is a priority requirement for the
possible authorization of a health claim.

To ensure the transferability of the health claim in the production world, agronomy
and food technology work together with olive oil and EVOO producers to choose select
extraction methods that reduce the influence of food matrix variability factors while en-
suring the presence of bioactive compounds in an effective concentration in a consumable
food dose.

Indeed, it should be emphasized that EVOO mechanically extracted from healthy olive
fruits is an important source of phenolic compounds whose profile and content depend on
several factors, including endogenous [14,15], agronomic [16,17], and technological factors
occurring before, during, or after the EVOO extraction process [15,18–25].

The EVOO production chain can lead to the high variability of polyphenol contents
in the final products. However, due to rapid advances in scientific research on the EVOO
production process, it is now realistic to develop supply chain models to predict the impact
of the supply chain on the polyphenol content of consumed products.

The qualitative and quantitative characterization of polyphenols is essential to classify
the different commercial categories of olive oil, knowledge of which could also lead to the
informed and responsible use of the product for health purposes.

Many countries have subscribed to the standards of the International Olive Oil Council
(IOC), which has a United Nations Charter (UN) that sets criteria for different olive oils, their
quality, and purity. The indications of the IOC have been implemented by the European
Union in the European Regulation 1308/2013, which lists part of the “Designations and
definitions of olive oils and olive-pomace oils” in Part VIII (Figure 4) [26].

A search of bibliographic sources through web collections of scientific literature such
as PubMed, Scopus, and Google Scholar using “olive oil” and “health benefits” as keywords
yielded more than 200,000 published articles, underscoring the considerable attention that
academia is devoting to improving the health of olive oil.

Very often the generic term “olive oil” is used, neglecting the correlation between the
different commercial categories of olive oils and the content of bioactive compounds whose
chemical composition is based on: the mechanical factors of oil extraction; the climatic
factors of the harvest; the geographical area; and the methods of conservation/storage of
the final product.

Apart from a general reference to the type of oil used, often no chemical characteri-
zation has been carried out, not even of the highly variable saponifiable fraction, which
is nevertheless within well-defined ranges (monounsaturated and polyunsaturated fatty
acids are the subject of specific health claims for EVOOs), nor of the unsaponifiable fraction
(in which both polyphenols and tocopherols can be certified with specific health claims).

This gap is likely due to poor communication between the disciplinary sectors involved
in olive oil research.

Consequently, the lack of a precise definition of the commercial category used in the
experiments and the complete chemical characterization of the matrix and polyphenolic
compounds is both an obstacle to the reproducibility of the experiment and to the use of
the research results as evidence to support a health claim. Reproducibility is an important
principle of the scientific method. It means that a result obtained by an experiment or
observational study should be achieved again with a high degree of consistency when
the study is repeated using the same methodology by different researchers. Only after
one or more successful repetitions should a result be accepted as scientific knowledge.
Unfortunately, many experiments today, although published in reputable journals, do not
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effectively add to the knowledge of the health benefits of EVOO polyphenols. Some of
these reports provided confusing or difficult-to-interpret results; however, in the last 10
years, these gaps have been closed [27].

Figure 4. Polyphenol content in the different commercial categories of olive oils and olive-pomace
oils [26].

2.2. Characterization of EVOO Polyphenols: The Lack of an Official Methodology

Although the EFSA Food Matrix Characterization Panel’s opinion on the approved
claim for the ability of polyphenols in olive oil to “protect LDL particles from oxidative
damage” is painfully positive, in reality, there is still a gap in terms of the ease of use of
the claim on the EVOO label: the lack of an official methodology. After the publication of
the approved claim, a great scientific discussion on the subject began. This topic brought
together experts in food science and technology, including food chemists and analytical
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chemists. The HPLC method established by the IOOC for the determination of polyphenols
in olive oils has not yet been implemented at the legal level [28].

There is a contrasting need for an analytical method that should be simple, repeatable,
and easily adaptable to the conditions of as many laboratories as possible and for the use
of high-throughput analytical techniques that are more accurate but also more complicated
and that would be mandatory for the identification and quantification of each molecule of
the bioactive polar phenols present in each structural form [29,30].

Be that as it may, to date there are no official methods for the determination of total
phenols or the most active individual molecules in existing legislation, nor are there any
legal limits for their content. As far as the analysis of total phenol content in EVOO is
concerned, the most widely used test is the Folin–Ciocalteu colorimetric assay, a well-
standardized electron transfer-based method suitable for the routine determination of
total phenols in both hydrophilic and lipophilic matrices [31]. It is worth noting that the
major limitation of the method is its lack of selectivity, as it leads to the simultaneous
determination of all types of phenolic molecules present in the EVOO extract.

In line with previous reports, the EFSA Panel also commented negatively on the
usefulness of using the Folin–Ciocalteu assay for the characterization of polyphenols in
olive oil. In numerous EFSA opinions, the experts reported that the Folin–Ciocalteu method
is not specific for polyphenols because other reducing compounds such as ascorbic acid,
sugars, and proteins are also included in the quantification, leading to an overestimation of
the actual polyphenol content (see Section 3.1). The total polyphenol content determined
with this method is not suitable for the characterization of polyphenols in food.

A lot of elements or compounds (i.e., sugars, proteins, aromatic amines, metals,
or other reductones) with high reductive potentials can also interfere with the reagent
to give overestimated phenolic concentrations. Finally, even if simple to perform, the
Folin–Ciocalteu test is time-consuming (it is necessary to wait for 1.5–2 h before spectropho-
tometric analysis) [32,33].

In a recent study, however, it was shown how the simple and rapid Folin–Ciocalteu
method could give results proportional to the ones obtained by the more laborious and
solvent consuming acid hydrolysis-HPLC [33].

In 2009, the International Olive Council (IOC) adopted a high-performance liquid
chromatography coupled to the UV/Vis spectrophotometric detector (HPLC-UV) method
for the determination of polyphenols in olive oils [34]. Specifically, based on the information
about the maximum absorbance values and relative retention times, the method allows
up to 27 phenolic molecules to be identified and quantified via converting the sum of
the areas of the related chromatographic peaks to tyrosol equivalents (mg of tyrosol/kg
of oil). This HPLC-UV determination is certainly characterized by good sensitivity and
specificity, but it is also time and solvent consuming [35] and is rather cumbersome due to
resolution problems, especially at higher retention times where several isobaric derivatives
of secoiridoids appear. Moreover, because of the lack of commercial standards, real external
calibration is not performed, which prevents a punctual and reliable identification and
quantification [36,37]. To overcome these drawbacks, an analytical method consisting of
acidic hydrolysis of bound forms in EVOO methanol/water extract followed by HPLC anal-
ysis to indirectly quantify secoiridoids and improve the recognition of lignans, pinoresinol,
and acetoxypinoresinol in the total phenolic fraction has been proposed as a reliable alterna-
tive thanks to its simplicity and relevance to the bioactive phenolic moieties covered by the
claim [38,39]. The method can also allow for assessing the total phenols before hydrolysis
according to the IOC official method and can compare their contents before and after the
acidic hydrolysis to indirectly investigate the secoiridoidic precursors. However, the issue
regarding the correct identification of the phenolic structures persists [12].

To date, reverse-phase (RP) HPLC-MS employing C18 stationary phases has been
widely accepted as the main tool in the identification, structural characterization, and
quantitative analysis of phenolic compounds in EVOO [32,40]. HPLC-MS/MS methods
using triple quadrupole (QqQ) mass analyzers are by far the most proposed ones for
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the accurate determination of polar phenols in EVOO because of their high sensitivity
and selectivity in multiple reaction monitoring (MRM) acquisition modes [6,23]. On the
other side, ion-trap mass analyzers (HPLC-MS) can obtain MS spectra which are helpful
to establish fragmentation patterns and then elucidate the structure of more complex
secoiridoid derivatives.

Even though MS/MS and MS fragmentation are powerful tools for the structural
characterization and identification, the low resolution attainable with QqQ and ion-trap
instruments sometimes makes the differentiation between isomers (such as open and
closed forms of ligstroside and oleuropein aglycones) and isobars (different compounds
with the same nominal mass but different elemental compositions, such as oleacinic and
oleocanthalic acid) difficult. For these reasons, high-resolution mass spectrometry (HRMS,
such as TOF, Q-TOF, Orbitrap, and FTICR), which provides excellent mass accuracy and
measurements of the correct isotopic pattern, especially when combined with tandem mass
spectrometry experiments, appears as the best choice to achieve definitive characterization
and identification of EVOO polyphenols [41–43]. In many cases where mass spectral data
are insufficient to establish a definitive structure for these complex phenolic compounds,
nuclear magnetic resonance spectroscopy (NMR) is a powerful complementary technique
for the structural assignment [44,45]. Further attempts have been used in recent years with
a special coupling technique, LC-NMR [46–48].

In recent years, ultra-high-performance LC (UHPLC), either using sub-2 μm particle
packed columns or porous-shell columns, has opened new possibilities for improving the
analytical methods for complex sample matrices such as EVOO, being able to achieve
5- to 10-fold faster separations than with conventional HPLC, while maintaining or even
increasing resolution [49–51]. UHPLC methods can be considered more cost-effective
because they typically consume around 80% less organic solvents than conventional HPLC
methods. Today, UHPLC coupled to MS and MS/MS is one of the most widely employed
techniques in EVOO phenols analysis because it is typically less affected by possible matrix
effects [30,52].

Figure 5 graphically summarizes the analytical and colorimetric procedures adopted
for the qualitative and quantitative evaluation of EVOO polyphenols.

Figure 5. Methods of analysis for polyphenols in EVOO extracts.
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3. EVOO Polyphenols Antioxidant and Anti-Inflammatory Properties

3.1. Chemical Antioxidant EVOO Polyphenols Assays: A Preliminary Investigation

Antioxidant assays can be classified concerning different approaches, such as:

• The type of antioxidant measured (e.g., lipophilic, hydrophilic, enzymatic, and non-
enzymatic);

• The character of assay medium (e.g., aqueous, and organic solvent, direct or indirect,
in situ and ex situ);

• The type of assay reagent (e.g., radical and non-radical initiated reactions);
• The mechanism of action.

Depending upon the mechanism of reactions involved, the antioxidant capacity assays
can roughly be classified into two types of reaction-based assays:

1. Single electron transfer (SET);
2. Hydrogen atom transfer (HAT).

The SET mechanism involves a redox reaction with an oxidant which changes color
when reduced, as an indicator of reaction endpoint, i.e., when electron transfer has stopped.
The degree of color change is correlated with the sample antioxidant concentrations.

SET-based assays include the total phenols assay by:

• Folin–Ciocalteu reagent (FCR);
• Trolox equivalence antioxidant capacity (TEAC);
• 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) assay (ABTS+);
• Ferric ion reducing antioxidant power (FRAP);
• CUPRAC: “total antioxidant potential” assay using a Cu(II) complex as an oxidant;
• 2,2-Diphenyl-1-picrylhydrazyl radical scavenging capacity assay (DPPH˙);
• Fast Blue BB diazonium salt (FBBB).

These assays provide a relative measure of antioxidant activity, but often the radicals
scavenged have little relevance to those present in biological systems [53]. However,
these total antioxidant activity assays in test tubes do not necessarily reflect the cellular
physiological conditions and do not consider the bioavailability and metabolism issues. In
addition, the mechanisms of action of antioxidants go beyond the antioxidant activity of
scavenging free radicals in disease prevention and health promotion [54].

Instead, HAT assays involve a synthetic radical generator, an oxidizable probe, and
an antioxidant; they apply a competitive reaction scheme, in which the antioxidant and
substrate compete for thermally generated peroxyl radicals through the decomposition of
azo compounds. These assays include:

• Inhibition of induced low-density lipoprotein autoxidation;
• Oxygen radical absorbance capacity (ORAC);
• Total radical trapping antioxidant parameter (TRAP);
• Crocin bleaching assays [55].

It is worth noting that both SET and HAT reaction-based assays measure the radical
scavenging capacity instead of the preventive capacity of EVOO tout court [56,57]. In
particular, SET-based assays measure the antioxidant reducing capacity, while HAT-based
assays quantify hydrogen atom donating capacity [58]. Usually, a strong relationship
between phenolic compounds in the EVOO extracts and the antioxidant capacities is
observed, allowing it to concluded that they can act as effective radical chain-breaking
antioxidants and that all the methods tested are suitable for determining the antioxidant
capacity of phenolic compounds in olive oil [51,57,59].

However, it is necessary to emphasize that the assays described herein are affected
by a series of drawbacks, which have opened a serious debate about their reliability and
the difficulty of comparing their heterogeneous results to perform quality control for
antioxidant products in the food and nutraceutical industry [57,59]; to give an idea, the
best method for determining the antioxidant capacity of olive oil is sometimes referred
to as ABTS and sometimes as ORAC. At first, these methods are strictly dependent on
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the experimental conditions, for instance, the pH, which plays a fundamental role in
the reducing capacity of antioxidants. Indeed, the antioxidant assays are carried out
at acidic (FRAP), neutral (TEAC), or basic (FCR) conditions; at acidic conditions, the
reducing capacity may be suppressed due to protonation on antioxidant compounds,
whereas at basic conditions, proton dissociation of phenolic compounds would enhance a
sample reducing capacity. Another issue regards the substrate involved: HAT-based assays
have a mechanistic similarity to lipid peroxidation, but under the assay conditions, the
concentration of the substrate (in this case the probe) is often smaller than the concentration
of antioxidants (i.e., polar phenols). This is in contradiction with the real situations: in
food systems such as EVOO, the antioxidant concentration is much smaller than that of the
substrate (e.g., lipid). Then, the antioxidant assays are usually carried out in a controlled
manner in a homogeneous solution with an artificial oxidant or radical precursor added
to initiate the reaction, whereas in a real food lipid system the reaction occurs without an
added radical initiator or oxidant. Instead, the reaction is initiated by light, metal ions,
or heat during food processing or storage. Moreover, it is often a heterogeneous mixture
(as in food emulsions), and the phase distribution of antioxidants will be critical for its
effectiveness [55,60]. Therefore, to have a more realistic assessment, the measurement of
the antioxidant capacity of polyphenols that are mixtures, multifunctional, or are acting in
complex multiphase systems such as EVOO must be conducted using a combination of a
few assays (minimum three) involving different chemical reactions. Of course, this is time-
consuming and expensive, since many reagents are needed [61]. A further controversial
concern is that antioxidant capacity assays are strictly based on chemical reactions in vitro.
They bear no similarity to biological systems and any claims about the bioactivity of
EVOO based solely on ORAC, TEAC, FRAP, etc., would be exaggerated, unscientific,
and out of context because they do not report any data about whether the measured
antioxidants have any biological role [62,63]. Moreover, these assays do not take into
account the bioavailability, in vivo stability, retention of antioxidants by tissues, cellular
uptake, transport process, and reactivity in situ. Thereby, none of these assays have
much value in terms of whether a source of antioxidants provides antioxidant protection
in biological systems except in situations where biological fluids, collected before and
after EVOO consumption, for example, are applied in the chemical assays, because in
this way the gathered data would tell a story about whether antioxidants are assimilated
into the bloodstream in a form that can reduce free radical damage. On the other side,
the current antioxidant assays have been reported to possess several strengths, such as
a simple procedure, rapid analysis time [55,64], cheap reagents, good correlation with
bioactive compounds (phenols and flavonoids), reproducibility [65], and the use of simple
instrumentation. These strengths are generally good, but are not strong enough to overcome
the aforementioned limitations and to support the efficacy and reliability of these assays as
they are seriously flawed.

Recent methodologies adopted to study the antioxidant and anti-inflammatory profile,
such as membrane-mimicking systems (liposomes, micelles, etc.) and the activation of
cellular antioxidant responses, via Nrf2-Keap1 cascades, could provide a valuable model
to study the properties of EVOO polyphenols. In particular, the erythroid nuclear fac-
tor 2-like transcription (Nrf2) pathway, which can direct the expression of antioxidant
and cytoprotective genes, is the focus of worldwide research. Its activity is induced by
exposure to oxidative or electrophilic stresses, including so-called indirect antioxidant
compounds. Therefore, special clinical attention is being paid to natural compounds that
modify Nrf2 activity, whose pharmacological applications in health and disease are being
investigated [66,67].

Generally, the widespread use of antioxidant assays as rapid screening tools rather than
as chemical reactions to measure kinetics and determine mechanisms are largely responsible
for the inconsistencies, inaccuracies, and controversies in the scientific antioxidant literature,
in medicine, and in the popular press.
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Regardless, even though alternative and more specific methods have recently been
proposed [68–71], to date a universal and validated protocol for the determination of
antioxidant capacities of polar phenols in EVOO as well as other biological samples is still
lacking [55].

3.2. In Vitro Antioxidant and Anti-Inflammatory EVOO Polyphenols Screening

Inflammation constitutes one of the biological responses of body tissues to nocive
stimuli, such as pathogens, injuries, and irritants. It is habitually accompanied by pain,
redness, heat, and swelling. Two types of inflammation have been distinguished: acute
and chronic inflammation [72]. To begin with, acute inflammation is short-term and only
takes a few days to disappear. It results from a cut or injury in the skin, bronchitis, or a sore
throat. On the contrary, chronic inflammation is long-term, during which the inflamma-
tory response can firstly damage cells, tissues, and organs and thereafter damage DNA
and kill tissues. Consequently, it is generally responsible for the development of several
diseases such as cancer, cardiovascular and neurodegenerative diseases, type 2 diabetes,
obesity, and asthma [73–75]. Non-steroidal anti-inflammatory drugs (NSAIDs) constitute a
potent anti-inflammatory drug for the management of inflammatory conditions. However,
they are toxic and have secondary effects on human health [76]. For these reasons, the
search for natural products with anti-inflammatory activity has been the subject of sev-
eral studies. Among them, EVOO phenolic compounds have been well proven for their
anti-inflammatory activity [7,77–81]. In this regard, in our previous work, we extensively re-
ported and discussed the close correlation between the chemical characterization of EVOO
polyphenols, anti-inflammatory potential, and biological activities in human studies [80].

The anti-inflammatory activity has been evaluated using different methods (see
Sections 3.2.1 and 3.2.2).

3.2.1. Inhibition of Protein Denaturation Assay

Considering that the denaturation of protein is linked to the occurrence of inflamma-
tory diseases such as diabetes and cancer, measuring the percentage inhibition of protein
denaturation by a substance is useful in predicting the anti-inflammatory effect. The sub-
stance to be tested prevents the process of denaturing proteins in relation to the dimension
of its anti-inflammatory activity. For that, in this method, either egg albumin or bovine
serum albumin (BSA) can be used as the protein.

A volume of egg albumin or BSA was mixed with a sample extract to be tested in
phosphate-buffered saline. After 15 min of incubation in a 37 ◦C water bath, the reaction
mixture was heated at 70 ◦C for 5 min to denaturate the proteins. Then, the turbidity was
measured spectrophotometrically at 660 nm. Distilled water or phosphate buffer solution
was used as the control in place of extracts to be tested. The percentage inhibition of protein
denaturation was calculated using the following formula:

% Inhibition of denaturation = (1 − A1/A2) × 100.

where A1 is the absorbance of the test sample and A2 is the absorbance of the control sample.

3.2.2. Membrane Stabilization Method

The lysis of the lysosomal membrane with releasing of its constituents is considered
one of the inflammation results. Consequently, the anti-inflammatory effect of a sample
was estimated by its ability to stabilize the lysosomal membranes and thus prevent the
release of lysosomal components such as enzymes.

For testing the anti-inflammatory activity, studies have used human red blood cells
(HRBCs) as their membranes resemble those of lysosomes. HRBCs could be hemolyzed
either by their treatment in a hypotonic solution or by heat [82].

a. Membrane hemolysis induced by hypotonic solution
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Hyposaline solution [83] and distilled water [82] were used as hypotonic solutions
to favor HRBC hemolysis. In this method, erythrocyte suspension was firstly prepared
from human blood and then homogenized in hypotonic solutions with the sample to
test. The mixture was then incubated at 37 ◦C for 30 min and, after its centrifugation at
3000 rpm for 20 min, the hemoglobin content in the supernatant liquid was determined
spectrophotometrically at 560 nm.

For a control test, phosphate buffer solution was used in the place of the sample to test.
The percentage of red blood cell membrane stabilization or protection was calculated

by the following equation:

Percentage protection= 100 − (A2/A1) × 100

where A1 = absorption of the control and A2 = absorption of the test sample mixture.

b. Heat-induced hemolysis

In this case, the membranes of HRBCs were lysed due to heat treatment. Briefly,
the blood cell suspension and the test sample were homogenized in an isotonic solution,
such as phosphate buffer, then maintained in a water bath under shaking for 20 min at
54 ◦C or 30 min at 60 ◦C according to Gunathilake’s experimental procedure [76]. After
centrifugation (2500 rpm for 3 min or 3000 rpm for 5 min), the absorbance of the supernatant
was measured spectrophotometrically at 540 nm or 560 nm.

In the control test, a phosphate buffer solution was used. The percentage inhibition of
hemolysis was calculated as follows:

Percentage inhibition = (1 − A2/A1) × 100

where A1 = absorption of the control and A2 = absorption of the test sample mixture.

3.2.3. Assay of Cyclooxygenase and 5-Lipooxygenase Inhibition

During an inflammation, arachidonic acid could be metabolized either by the cyclooxy-
genase (COX) pathway producing prostaglandins and thromboxane A2 or by generating
eicosanoids and leukotrienes through the 5-lipoxygenase (5-LOX) pathway [84]. For this rea-
son, anti-inflammatory activity is attained by suppressing the production of prostaglandins
and leukotrienes via COX and 5-LOX pathways inactivation.

By focusing on lipoxygenase inhibition assay, this method consists of determining the
percentage of LOX activity inhibition in the presence of an anti-inflammatory substance.
For that, linoleic acid and soybean lipoxygenase were used as the substrate and enzyme,
respectively [76]. Other studies have used lipoxidase and human recombinant lipoxygenase
as an enzyme [85].

Briefly, an aliquot of the test sample (10 μL) was homogenized with 20 μL of soybean
lipoxygenase solution (167 U/mL) in a sodium phosphate buffer (100 mM; pH 8.0) and
then incubated at 25 ◦C for 10 min. Thereafter, the absorbance was measured spectrophoto-
metrically at 234 nm after the addition of 10 μL of the linoleic acid substrate. In the control
sample, the test sample was replaced by a phosphate buffer solution [84].

The percentage of LOX activity inhibition was calculated as follows:

Percentage inhibition = (1 − A2/A1) × 100

where A1 = absorption of the control and A2 = absorption of the test sample mixture.

4. In Vitro EVOO Polyphenols Biological Screening: A Point about the Potential
Mechanism of Action

The connection between oxidative stress and inflammation has been laid out by
many authors. The pathogenic role of mixed advanced glycoxidation products (AGE)
and advanced lipid peroxidation products (ALE) generated during oxidative stress and
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their adducts with cell biomolecules, such as proteins and nucleic acids, in several chronic
inflammatory and autoimmune diseases are well documented [86].

The scientific literature reports a wide range of beneficial effects of EVOO polyphenols
which are united by an etiology based on oxidative stress and chronic inflammation. Ox-
idative stress is viewed as an imbalance between the production of reactive oxygen species
(ROS) and their elimination by protective mechanisms, which can lead to chronic inflam-
mation. EVOO polyphenols, based on previous evidence, can be useful as an adjuvant
therapy for their potential anti-inflammatory effect, associated with antioxidant activity,
and the inhibition of enzymes involved in pathways of inflammatory disorders. EVOO
polyphenols provide several high biological properties, such as antioxidant [87–89], anti-
inflammatory [90–92], and anti-microbial activities [93,94], which are partially associated
with the ability of these natural compounds to scavenge free radicals.

The beneficial effects of EVOO phenolic compounds for human health have been
recognized by the American Food and Drug Administration (FDA) [95] and by EFSA, which,
as previously reported, advises consumption of about 20 g of EVOO daily. Additionally,
in November 2018, the FDA declared the possibility of introducing the “qualified health
claim” on EVOO bottle labels.

In this section, we will focus on the antioxidant and anti-inflammatory effects of EVOO
polyphenols as they have been the subject of considerable research interest in recent years.

Oxidative stress is the main cause of human diseases [88]. It results from the excessive
production of reactive oxygen species (ROS) and/or the low physiological activity of antiox-
idant defenses against these free radicals. The high production of ROS is responsible for the
damage to cell biomolecules such as lipids, DNA, and proteins, thus promoting the appear-
ance of various diseases including cancer, respiratory, cardiovascular, neurodegenerative,
and digestive diseases.

To exhibit its antioxidant activity and protect the human body against the previously
mentioned diseases, phenolic compounds can act as radical scavengers, chain breakers,
or metal chelators. The low redox potentials of polyphenols allow them to reduce highly
oxidizing free radicals by chelating metal ions [96]. Moreover, polyphenols can inhibit the
activity of enzymes implicated in ROS production and improve the antioxidant defenses
system of the cell by acting on gene expression and transduction and enzyme activities [97].

In addition to oxidative stress, the disruption of the balance between pro-inflammatory
and anti-inflammatory molecules occurring during an inflammation causes many patholo-
gies [98]. The antioxidant and anti-inflammatory activities of EVOO polyphenols are
essentially related to their ability to attenuate reactive oxygen species (ROS), destroy car-
cinogenic metabolites, and act negatively on the inflammatory processes. Several studies
have revealed the antioxidant and anti-inflammatory activities of EVOO polyphenols and
their protective effects against several diseases [81,89,99–104]. The antioxidant activity of
EVOO is not necessarily related to its high content of total phenols. Each phenolic com-
pound has its antioxidant power which is related essentially to its chemical structure [104].

5. In Silico Studies on EVOO Polyphenols

Molecular docking methods can be considered the first step to investigating the
molecular binding properties of EVOO phenolic compounds to bind to, for example,
epigenetic enzymes. Molecular docking results suggest that flavonoids, secoiridoids, and
glucosides may bind particularly strongly to epigenetic regulators.

The in silico analysis, thanks to public and private molecular databases which contain
the primary structure of any gene or protein of biological interest in humans and in various
animal species, including three-dimensional structures on which to carry out computer
experiments, allows cellular or physiological processes, even complex ones, to be simulated
in a static or dynamic way, allowing the kinetics and tissue distribution of a bioactive
molecule to be predicted based on a few experimental points. With this type of technique
(molecular docking), it is possible, for example, to verify whether the bioactive molecules
isolated from food can interact with the biological target. Computer modeling is widely
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used to compare the chemical characteristics of bioactive compounds on specific molecular
targets, identified thanks to screening strategies involving the use of in vitro or in vivo
experimental models. These methodologies allow considerable savings in terms of time
and work, favoring a more targeted and rational design of biologically active molecules.
For these reasons, the nutraceutical industry has been equipped, for several years now, with
groups of bioinformaticians and chemists in charge of identifying the biological targets of
bioactive molecules.

ROS and reactive nitrogen species (RNS) are the major reactive species causing oxida-
tive damage in the human body. To counteract their assault, living cells have a biological
defense system composed of enzymatic antioxidants that convert them to harmless species.
In contrast, no enzymatic action is known to scavenge them. Therefore, the burden of
defense relies on a variety of nonenzymatic antioxidants such as vitamins and other phyto-
chemicals that, due to their favorable oxidation potential, have the property of scavenging
oxidants and free radicals [60]. In this context, polyphenols are compounds of great interest,
having antioxidant properties which derive from several potentially synergistic mecha-
nisms such as radical scavenging, hydrogen atom transfer, singlet oxygen quenchers, and
metal-chelating activity [105–107]. As radical scavengers or chain breakers, they act by
donating hydrogen radicals to alkoxyl and peroxyl radicals formed during the initiation
step of lipid oxidation, slowing down the total rate of autoxidation. The presence of cate-
chol moiety (o-diphenols as oleuropein derivatives) stabilizes the phenoxyl radical through
an intramolecular hydrogen bond; moreover, they can bind metals, preventing the lipid
autoxidation related to EVOO shelf life [40,107].

6. Conclusions

Although the scientific literature reports many studies related to the chemical and
biological characterization of polyphenols in EVOOs to reveal the functional properties of
polyphenols in extra virgin olive oil on human health, only one effect of EVOO polyphenols
has been formally approved by the EFSA as a health claim. The validity of the experimental
protocols adopted is indisputable, but the scientific communication of the results is strictly
limited to the specific knowledge and skills of the research groups involved in the studies.
This generates a stratified and non-osmotic scientific communication among researchers to
the detriment of the exploitation of the beneficial effects of EVOO polyphenols on human
health. In this context, we suggest the model of the Tower of Babel as an opportunity to
challenge scientific communication that can favor scientific contamination between the
different fields of investigation involved, building bridges through the transdisciplinary
analysis of the data of the different investigative methodologies in each stage of the as-
sessment of health benefits. The main objective of this work is to propose an integrated,
strategic, and easily transferable scientific communication between the parties that promote
the health value of EVOO polyphenols by applying them to health claims.

Since we are certain that fluid communication between scientific knowledge can
generate important results in enhancing the health power of EVOO polyphenols, we hope
that the Tower of Babel model can be a starting point for the enhancement of scientific
results from research related to the food sector and raise awareness among the authorities
involved in favor of the use of healthy foods.
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